


 
 

ABSTRACT 

Optoelectronic and Ultraviolet Plasmonics 

by 

Mark William Knight 

Metallodielectric nanostructures are enabling a revolution in optics. For centuries 

optical techniques were constrained by the diffraction limit, which prevents the control 

over light at the nanoscale (~200 nm or less). This constraint is lifted when the electric 

field of light interacts with metals at the nanoscale, exciting collective, longitudinal 

oscillations in the metallic valence electrons. These oscillations, known as surface 

plasmons, allow the capture and manipulation of light within nanoscale volumes 

significantly below the diffraction limit. Originally predicted by Rufus Richie in 1957, 

plasmons have since been engineered into a zoo of resonant geometries that exploit their 

spectral tunability, enhanced local fields, and controllable absorption for a new 

generation of optical research and applications.  

This thesis presents two advances that extend plasmonics into both electrically 

active devices, and the high energy ultraviolet regime. In the first part of this thesis, two 

distinct concepts – optical nanoantennas and Schottky diodes – are combined to 

demonstrate an active optical nanoantenna diode. Photons coupled into a metallic 

nanoantenna drive resonant plasmonic oscillations which decay, yielding energetic (‘hot’) 

electrons. These electrons can then undergo ballistic transport over the potential barrier 

formed at the nanoantenna/semiconductor interface, yielding photocurrent. The 



 
 

photoresponse of nanoantenna-diodes extends well below the semiconductor band edge, 

enabling silicon-based optical detectors for the infrared. Due to their strong plasmon 

resonance, these devices are capable of sensing both the wavelength and polarization of 

monochromatic radiation. The second half of this thesis will demonstrate the use of 

aluminum as a plasmonic material in the ultraviolet, exceeding the spectral limitations 

imposed by silver and gold. The extended spectral response of aluminum, combined with 

its natural abundance, low cost, and complementary metal–oxide–semiconductor 

(CMOS) compatibility, make it a highly promising material for commercial applications. 

However, fabricating Al-based nanostructures with controllable resonances has proven 

nontrivial, and literature reports show significant deviations can occur between 

experimental properties and theoretical predictions. This lack of predictability is the 

result of a remarkable sensitivity to the presence of oxide within the aluminum. We show 

that this bulk oxidization, which is distinct from the well known surface oxidation of Al, 

is the result of contamination during the Al deposition process itself. Using high purity Al 

nanoparticles, broad tunability throughout the UV and visible has been demonstrated. 

The plasmonic nature of these Al nanostructures was further confirmed through direct 

imaging of the local density of optical states (LDOS) with a spatial resolution  better than 

20 nm. This foundational work paves the way toward the use of aluminum as a low-cost 

plasmonic material with complementary properties to the coinage metals, including 

access to short-wavelength regions of the spectrum, low-cost, and the possibility for mass 

production of plasmonic devices. Together, these contributions – electrically active 

nanoantenna-diodes and ultraviolet plasmonics – expand the toolkit for engineering 

future generations of optical devices. 
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Chapter 1 

Introduction 

Metallodielectric nanostructures are enabling a revolution in optics. For 

centuries optical techniques were constrained by the diffraction limit, discovered by Ernst 

Abbe in 1873,1 which prevents the control over light at the nanoscale (~200 nm or less). 

This constraint is lifted when the electric field of light interacts with metals at the 

nanoscale, exciting collective, longitudinal oscillations in the metallic valence electrons. 

These oscillations, known as surface plasmons, allow the capture and manipulation of 

light within nanoscale volumes significantly below the diffraction limit. Because of their 

ability to resonantly absorb radiation from regions significantly exceeding than their 

physical size, devices supporting surface plasmons are frequently referred to as optical 

nanoantennas in analogy with their larger radiofrequency cousins. Originally predicted by 

Rufus Richie in 1957,2 plasmons have since been engineered into a zoo of resonant 

geometries that exploit their spectral tunability, strong local fields, and localized 

absorption. Already, plasmonics has given rise to new approaches in medical treatment, 

energy harvesting, sensing, photochemistry, and environmental remediation.3-7 
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Briefly, this thesis will focus on two foundational areas in plasmonics: integrating 

plasmonic devices with electronics, and extending the spectral reach of nanoantennas into 

the ultraviolet. Performing the measurements for these two areas required the 

development of custom instrumentation, as commercial systems did not provide 

sufficient flexibility. The first three chapters place this work in the appropriate scientific 

context and provide a discussion of key microscopy techniques, including 

cathodoluminescence, hyperspectral imaging in the ultraviolet, and scanning photocurrent 

microscopy. Nanoantenna-diodes, which permit below bandgap detection of infrared 

radiation on silicon, will be presented in chapters 6-7 for both nanorods and nanowires, 

with chapter 8 addressing the optical field enhancements that result when nanowires 

develop small gaps. The remainder of the thesis is dedicated to introducing aluminum as 

a controllable plasmonic material, and demonstrating tunability in both the near- and far-

field regimes. For ease of reference, the three subject areas are summarized below. 

1.1. Microscopy 

Chapter 3 introduces both hyperspectral and scanning photocurrent 

microscopies, and provides both detailed designs and operating principles.  

Chapter 4 examines the influence of dielectric substrates on the plasmonic 

properties of metallic nanoparticles at the individual nanostructure. In this section it is 

shown that the presence of a dielectric substrate modifies the energies of the plasmon 

modes. Broadened plasmon linewidths observed for individual nanoparticles are actually 
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due to the splitting of plasmon mode energies occurring under the symmetry-breaking 

influence of the dielectric. Understanding the role of the substrate is critical for 

interpreting darkfield spectra of plasmonic nanostructures, especially since many 

measurements are performed without index matching oil to permit subsequent structural 

analysis using either electron-beam imaging or scanning probe techniques. 

In Chapter 5 the importance of the excitation and collection optics is examined 

for dark field microspectroscopy. Light from a plasmonic nanostructure typically scatters 

with a strong angular and modal dependence, resulting in significant variations in the 

observed spectral response depending on excitation and collection angle and the 

polarization of the incident light. In this section the spectra of single nanoparticles are 

shown to depend strongly on the optical measurement system, which can affect the 

detection of plasmon modes. This emphasizes the importance of accounting for 

experimental considerations when matching the optical response of plasmonic 

nanostructures with electrodynamic models.  

1.2. Electro-optical plasmonics 

In Chapter 6 gold nanorods are shown to simultaneously function as both 

optically and electrically active components. This response is possible by combining the 

light harvesting properties of the nanorod antennas with the ability of Schottky interfaces 

to harvest excited electrons through internal photoemission. Photons coupled into the 

metallic nanoantennas resonantly excite plasmons, which subsequently decay into 

energetic, “hot” electrons capable of injection over the potential barrier formed at the 
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nanoantenna-semiconductor interface. The photocurrent from this compact dual-function 

structure depends on both the wavelength and polarization of the incident radiation, and 

displays a spectral response extending to energies well below the semiconductor band 

edge. 

Chapter 7 demonstrates an improvement in the responsivity of these nanoantenna 

photodiodes. For the nanorod devices, where the plasmonic nanostructure is fabricated 

atop the semiconductor, only a small percentage of hot electrons are excited with a 

wavevector permitting transport across the Schottky barrier. This chapter demonstrates 

that embedding plasmonic nanowires into the semiconductor substantially increases hot 

electron emission. Responsivities increase by 25x over planar diodes for embedding 

depths as small as 5 nm. This improvement is attributed to the introduction of vertical 

Schottky barriers that enable more efficient ballistic transport over the interfacial 

potential barrier. 

When gaps appear in plasmonic nanowires, either due to high currents or mechanical 

stress, the near-field properties can fundamentally change. Chapter 8 examines the field 

enhancements that result from nanogap formation, and demonstrates that such nanoscale 

gap defects can actually function as efficient mechanisms for generating extraordinarily 

large field enhancements, known as “hot spots,” upon illumination.  Incident light with 

the electric field polarized across the gap (along the interparticle axis) is generally known 

to induce the strongest electric field enhancements. However, this chapter demonstrates 

that a nanogap located within a nanowire has the greatest enhancement when the electric 

field of the incident light is polarized transverse to the nanowire axis, along the gap. This 

surprising and counterintuitive polarization dependence results from the strong, 
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transverse dipolar plasmon mode coupling through structural asymmetries with dark 

multipolar modes within the nanogap.  

1.3. Aluminum for UV plasmonics 

Unlike silver and gold, aluminum has material properties that enable strong 

plasmon resonances spanning much of the visible region of the spectrum and into the 

ultraviolet. This extended response, combined with its natural abundance, low cost, and 

amenability to manufacturing processes, makes aluminum a highly promising material 

for commercial applications.   

Chapter 9 addresses the challenges associated with fabricating Al-based 

nanostructures whose optical properties correspond with theoretical predictions.  The Al 

plasmon resonance is observed to be remarkably sensitive to the presence of oxide within 

the metal.  For a specific geometry the energy of the plasmon resonance is determined by, 

and serves as an optical reporter of, the percentage of oxide present within the Al.   

In Chapter 10 the properties of individual Al nanorod antennas fabricated using 

high purity aluminum are studied with cathodoluminescence.  This approach allows 

direct imaging of the local density of optical states of Al nanorod antennas with a spatial 

resolution greater than 20 nm, and permits the identification of the radiative modes of 

these nanostructures across the visible and into the UV spectral range. The results, which 

agree well with finite difference time domain (FDTD) simulations, suggest that 

Aluminum has significant potential for next-generation plasmonics, with potential 

applications complementary to those of the noble metals. 
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Chapter 2 

Background 

This chapter provides a brief introduction to key concepts and techniques used 

throughout this thesis, including plasmon hybridization, dielectric functions, 

Schottky barrier formation, and cathodoluminescence microscopy.  

2.1. Plasmon hybridization 

Understanding the interactions between plasmonic nanoparticles is critical for the 

design of nanosystems with desirable optical properties. These interactions can be 

calculated directly for specific, arbitrary geometries using brute force approaches, 

including the Finite Element Method (FEM) and Finite Difference Time Domain (FDTD) 

method. Such computational methods allow solutions to complex geometries by 

discretizing the space into simple units, and then numerically determining an approximate 

solution to Maxwell’s equations. While incredibly powerful, the resulting solutions offer 
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little physical insight. To gain intuition we turn to the plasmon hybridization method 

developed by Prodan and Nordlander et al. (2003).8  

Plasmon hybridization describes the complete optical response of complex, 

multiparticle plasmonic systems in terms of the interacting plasmons of simple, 

constituent geometries such as spheres, ellipsoids, and cavities. These interacting 

plasmons can be described as ‘hybridizing,’ in a direct analogy with molecular orbital 

hybridization, and forming artificial ‘plasmonic molecules’. To permit a solution of the 

underlying equations, plasmon hybridization requires several assumptions: (1) that the 

electron gas can be described as a liquid that is simultaneously irrotational (free of 

vortices) and incompressible (constant charge density), (2) the positive ion lattice can be 

approximated as both uniform and stationary, (3) the fundamental particle plasmons are 

describable within a separable curvilinear coordinate system, and (4) the size of the 

interacting particle system is quasistatic, meaning that the electric field can be treated as 

uniform and the response determined purely by instantaneous Coulomb interactions.8-14 

Assuming these criteria are satisfied, then exact solutions to hybridization can be found.  
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Figure 2.1 | Plasmon hybridization in a metallic homodimer.13 The individual nanosphere 
plasmons on the two particles interact, forming bonding (red) and antibonding (blue) 
dimer plasmons with the arrows schematically indicating their relative dipole moments. 
For dimers, which lack spherical symmetry, the plasmons of an individual sphere can 
interact with the nonorthogonal plasmons of the adjacent sphere with different angular 
momentum. This interaction causes an additional shift of the hybridized plasmon modes 
(indicated by green arrows for the l=1 hybridized plasmons). 

In addition to enabling quantitative solutions, plasmon hybridization allows an 

intuitive understanding of the collective plasmonic response of interacting nanoparticles. 

As an example consider two quasistatic, spherical nanoparticles (Figure 2.1).13 In 

isolation, these spheres will each support a primitive plasmon related to the bulk plasma 

frequency ( ) by: 

=        ,    (2.1) 

where  is the angular momentum specifying the spherical harmonics of the dipole 

( = 1), quadrupole ( = 2), and higher order modes (Figure 2.1) . As these two spheres 
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approach the primitive plasmons can interact, leading to a symmetric splitting of the 

resonances into bonding (red) and antibonding modes (blue), where the magnitude of the 

splitting is determined by the interparticle gap. In the case of the higher energy 

antibonding mode there is no net dipole moment and the mode cannot interact with the 

dipolar field of light. This class of mode, which is forbidden from optical interactions by 

symmetry, shall be referred to as ‘dark’; optically active modes with a strong dipole 

moment will be called ‘bright’. As the interparticle gap decreases, interactions with the 

higher order modes ( > 1) become progressively more significant (dashed green lines) 

and contribute an additional redshift to the hybridized modes (indicated by green arrows, 

Figure 2.1). These higher-order modes, once coupled to the dipole mode through 

hybridization, become optically active and can contribute to the optical dimer response. 

In the case of primitive plasmons with orthogonal modes, such as multiple spherical 

primitive plasmons with a common origin, the higher order plasmons do not interact with 

the dipole plasmon and remain dark.  

As illustrated by the dimer, plasmon hybridization yields design principles for 

engineering optical spectra. Among these is the ability to geometrically tune interaction 

strengths. Controlling the spatial separation of primitive plasmons allows selection of the 

hybridized mode energy, with smaller gaps yielding lower energy hybridized modes. In 

systems with primitive plasmons separated in energy, such as heterodimers or 

sphere/cavity systems, the hybridization strength is also influenced by the energy gap. 

The strongest hybridization results when the primitive modes are matched both spatially 

and energetically. It should also be noted that surface charges, which are the result of an 

electrostatic field acting on an incompressible fluid, can be partially screened by a 
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proximal dielectric. Dielectric screening reduces the restoring force of the positive ion 

background, causing a corresponding reduction in frequency of the hybridized resonances 

(redshift). For systems where performing an exact calculation of the hybridized modes is 

mathematically prohibitive, the application of these hybridization concepts can permit an 

understanding of the behaviors observed in numerical calculations. 

 

2.2. Dielectric Functions: Au, Ag, Al 

Throughout this thesis I will refer to the dielectric response of plasmonic 

materials. The complex dielectric response, denoted = + , describes the response 

of a material to an applied electric field. The real component, , is the degree to which 

the material polarizes in response to an applied field. The imaginary component, , is the 

relative phase of the response compared to the applied field. Material losses are described 

in terms of , where the losses can be conceptually understood as out-of-phase 

destructive interference between the polarized material response and the incident field.15 

It is important to note that the complex dielectric response encompasses all intrinsic 

material properties, regardless of their microscopic origins, including interband 

transitions and electron scattering.  
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Figure 2.2 | Dielectric response for the plasmonic materials studied in this thesis (Au, 

Ag, and Al) showing the (a) real (ε1) and, (b) imaginary (ε2) components. Plotted data 
was taken from tabulated values in Palik’s “Handbook of Optical Constants”, Johnson 
and Christy (1972), and the evaporated Au of Olmon et al. (2012).16-18 

For reference, the dielectric responses of the plasmonic materials employed in this 

thesis (Au, Ag, and Al) are plotted in Figure 2.2. Tabulated values for these materials 

were taken from the literature. The dielectric values for Aluminum were originally 
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published by Smith, Shiles and Inokuti in 1983, and subsequently tabulated in Palik’s 

“Handbook of Optical Constants”.17, 19 Johnson and Christy published the most widely 

cited dielectric constants for Au and Ag in 1972;16  the values for Au were updated in 

2012 by Olmon et al. to permit a comparison between evaporated, template stripped, and 

single crystalline gold.18 

At low energies both gold and silver have a response that can be described well 

by a modified Drude model. This model describes the response of nearly-free conduction 

electrons as: 

( ) = −          ,               (2.2) 

where  is the bulk plasmon frequency, Γ is the damping constant, and  describes the 

high frequency response and includes both the free space response and the background 

polarizability of the material.  

The Drude model does not account for interband transitions where electrons are 

excited from the filled d-band to the sp conduction band.15-16, 20 At short wavelengths 

there is a significant rise in damping due to these interband transitions. For Au, this 

absorption becomes significant below 550 nm; for Ag, the interband transitions begin 

near 320 nm. Aluminum, by contrast, has a nearly perfectly Drude-like response in the 

UV region of the spectrum. However, a significant absorption peak due to interband 

transitions21 can be seen near 1.5 eV (800 nm) in ε2. For all three metals the significant 

losses due to interband transitions, where they occur, strongly affect the plasmonic 

response. The strong interband damping in Au and Ag effectively eliminates the 
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plasmonic response. Aluminum, while retaining a measureable plasmon near the 

interband transitions at 1.5 eV, suffers from damping with a corresponding increase in the 

optical linewidth.22  

2.3. Schottky barrier formation 

Schottky barriers result when a metal is brought into intimate contact with a 

semiconductor, forming a rectifying heterojunction.23-24 In isolation, metals and 

semiconductors have misaligned Fermi levels at thermal equilibrium (Figure 2.3a). For 

metals, the Fermi level represents the highest energy occupied electron state (at T=0 K), 

while in semiconductors the Fermi level is determined by the doping levels and typically 

lies inside a band gap. The formation of an electrical connection, either through direct 

contact or indirect conduction channels, causes the metal and semiconductor Fermi levels 

to align as a result of charge transfer. When the metal and semiconductor are placed in 

direct contact, a charge depletion region forms at the interface causing the formation of a 

potential barrier  (Figure 2.3b). For a semiconductor with electrons as the majority carrier 

(n-type), the resulting barrier height is = ( − ) where q is the charge of an 

electron,  is the work function of the metal, and  is the electron affinity in the 

semiconductor.24 For p-type semiconductors, the barrier height is instead = −( − ) where Eg is the bandgap of the semiconductor ( = − ).  
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Figure 2.3 | Energy band diagrams illustrating  (a) metal and n-type semiconductor in 
isolation, and (b) an ideal metal-semiconductor Schottky junction.24-25  

While conceptually straightforward, these idealized Schottky barrier potentials are 

never observed due to a variety of interfacial effects including Fermi level pinning, thin 

insulating layers, and image-force lowering of the barrier. A full discussion of these 

effects is beyond the scope of this thesis; an excellent tutorial can be found in “Physics of 

Semiconductor Devices” (Sze).24 Rather than rely on theory, barrier heights can be 

determined experimentally from either electrical or optical measurements. Optically, 

barrier heights can be determined directly through photoelectric measurements by using 

R.H. Fowler’s theory of internal photoemission.24, 26 The responsivity R, which is the 

ratio of the generated photocurrent to the incident light power, can be expressed as 

proportional to (ℎ − ℎ ) , where ℎ = . The barrier can then be determined by 

obtaining a linear fit to the square root of R, plotted as a function of energy; the Schottky 

barrier height is given by the intercept of the linear fit with the energy axis. Schottky 

barrier heights can also be determined electrically via thermionic emission theory (see 

Chapter 7.5).24, 27 Common plasmonically useful materials that form Schottky contacts 

metal
semiconductor

n-type
metal

EC

EV

EF

EC

EV

EF

Vacuum
Vacuum

semiconductor
n-type

gap

(a) (b)

qφm
EB = qφBn

qχ

Energy

Depletion region



 
34 

 
with n-Si include Au, Ag, and Al ( ≈ 0.80	eV), and Ti ( ≈ 0.50	eV). Indium, by 

contrast, forms Ohmic contact with Si rather than establishing a Schottky barrier. 

2.4. Cathodoluminescence 

 Cathodoluminescence is an emerging tool for studying the optical response of 

nanostructures, which can confine light substantially below the diffraction limit, with 

sufficient resolution to resolve subwavelength photonic modes. The far-field diffraction 

limit, originally derived by Ernst Abbe in 1873, limits the ultimate resolution that can be 

obtained through far-field optical imaging. This limit is given by the size of a focal spot 

with diameter = /(2	 ), where = 	sin	( ) is the numerical aperture of the 

objective lens, n is the refractive index of the working medium, and	  is the maximum 

half-angle for optical collection.1 Dry objectives are generally limited to an NA < 0.95; 

larger values of NA can be obtained using oil immersion (up to ~1.4). Even with a high 

NA objective, therefore, the diffraction limited resolution of an optical microscope is 

typically worse than d=150 nm in the visible. Nearly all nanophotonic structures have one 

or more dimensions below this imaging limit, necessitating the use of alternate optical 

imaging modalities capable of resolving both optical and structural properties.  

High resolution imaging is typically achieved via rastering a probe across the 

structure of interest, where the probe can be either a physical probe (as in scanning near-

field optical microscopy) or a focused electron beam. Physical probes, while supporting 

high resolution, typically require relatively slow scan speeds, and can introduce 

significant perturbations into the local electromagnetic environment. By contrast, electron 
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beam-based techniques allow a probe of the unperturbed LDOS. For electron beam 

probes, the optical response of the nanostructure can either be inferred through energy 

loss (or gain) in a nearly monochromatic electron beam, or through electron-beam 

induced optical emission.28-29 The first approach, known as electron energy loss 

spectroscopy (EELS), probes both bright and dark optical modes, but is limited in both 

sample type and energy resolution. The second approach, where the optical emission at 

the cathode is captured, is known as cathodoluminescence (CL).  

 

Figure 2.4 | Principles of cathodoluminescence microscopy. (a) Schematic of processes 
resulting from electron beam irradiation of a sample. (b) Diagram showing collection of 
photons inside the SEM chamber by a parabolic mirror focused at the sample surface. 

Cathodoluminescence can result from both coherent and incoherent processes 

within the electron probe volume, which can extend up to several microns into the sample 

(Figure 2.4a).28 The dominant incoherent process is electron-hole recombination, which 

was the underlying process enabling the cathode ray tubes (CRT) used for computer 

monitors and televisions prior to the emergence of liquid crystal and plasma displays. 

Coherent processes include Cherenkov radiation, transition radiation, and driven photonic 
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modes. At the relatively low energies used for CL (< 30 keV), Cherenkov radiation is not 

typically observed. For plasmonic samples fabricated on substrates without significant 

electron-hole pair generation, the CL signal is dominated by transition radiation and 

radiative plasmon decay. The relative contributions depend strongly on both the type of 

plasmonic material, and the emission wavelength under consideration (Figure 2.5). For 

gold, emission due to surface plasmon excitations strongly dominates at all detectable 

wavelengths. Aluminum, by contrast, has roughly equal contributions from SPP 

generation and transition radiation in the visible, with plasmonic emission dominating 

only in the UV. Compared to metals, the transition radiation probabilities from silica are 

low (Figure 2.5c), and the resulting emission can generally be treated as a weak constant 

background.  

 

Figure 2.5 | Generation probabilities for transition radiation (blue) and surface plasmons 
(red) for a 30 keV electron beam impinging on a semi-infinite planar substrate made of 
(a) Gold (Johnson and Christy),16 (b) Aluminum (Palik),17 and (c) Silica (Palik).17 
Calculations performed according to García de Abajo (2010).28, 30 

Cathodoluminescence emission can be detected by inserting a high NA parabolic 

collector mirror between the sample and the SEM pole (Figure 2.4b). To allow electron 

beam imaging, this mirror contains a small hole permitting the electron beam to reach the 
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sample. When the focal spot of this mirror is co-aligned with the electron beam focus, the 

emitted light will be collimated and can be coupled out of the SEM chamber. At the 

optical exit port, standard optical techniques can be employed to analyze the emission. 

Due to the limited photon counts available in CL, as a result of practical limitations on 

the electron beam current and low photon generation probabilities (Figure 2.5), a cooled 

photomultiplier tube (PMT) is typically employed for optical measurements. When all 

available photons are collected simultaneously, the resulting image is referred to as 

‘panchromatic’. Alternately, energy bands for measurement can be selected using either 

bandpass filters, or by employing a Czerny-Turner monochromator. Unlike EELS, which 

has an energy resolution limited by the capabilities of electron beam monochromators, 

CL filtering is performed optically and supports a high degree of control over the 

measurement bandwidth. To minimize both noise and measurement duration the spectral 

bands selected for measurement are typically as as wide permissible for the desired 

measurement.  

Photon counts in CL measurements depend strongly on the sample geometry. CL 

emission from plasmonic structures requires radiative decay, which depends strongly on 

both the type of mode excited and the optical dipole moment. Dark modes, which can be 

excited by an electron beam, cannot be observed in CL due to the lack of a net dipole 

moment. Bright, dipole active modes can emit photons, although not all ‘bright’ modes 

can be practically detected. For a nanoparticle in the quasistatic regime, where the 

particle is sufficiently small to allow the approximation of the electric field as uniform, 

the radiative emission scales as the forth power of the particle size.31 This places practical 
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limitations on the size of the particles that can be detected using CL, with the smallest 

particles observed in this thesis measuring ~40 nm in the smallest dimension.  

Independent of signal levels, the spatial resolution of CL is ultimately determined 

by a combination of the electron beam spot size and the spatial extent of the evanescent 

field. While the electron beam will generally have a spot measuring from 1-5 nm in 

diameter, the evanescent field extent can extend further. Given an evanescent field 

approximated as ~v/2ω, where v is the electron velocity and ω is the angular frequency of 

the emitted photon, the evanescent field can mediate interactions 10-20 nm beyond the 

electron beam waist for a 30 keV beam (for visible radiation).29  This limits the optical 

resolution of CL imaging to roughly /40, which is sufficient to resolve the features 

of most plasmonic modes. 

When performing CL, the signal measured is the result of total emission within 

the mirror focus, not solely emission from the electron beam impact location. This 

distinction is important when interpreting CL images since the actual radiation may occur 

far from the impact point of the electrons. As shown schematically in Figure 2.4a, the 

incoherent generation volume for cathodoluminescence can extend several microns from 

the electron beam impact site. This is the result of the random walk that follows electron 

impact (shown by the dotted red line), where each subsequent impact within the substrate 

or sample carries the possibility of photon emission. Coherent generation, which occurs 

at the sample interface, can also be delocalized due to the excitation of propagating 

surface plasmons, or scattering of the incident electrons into remote structures capable of 

CL emission. Photon emission resulting from electron scattering is particularly important 
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for samples with both high-z materials (such as gold nanoparticles), and strongly emitting 

materials (such as phosphors). 

In addition to CL emission, electron beam irradiation also results in the excitation 

of secondary electrons (along with backscattered electrons and X-rays). These secondary 

electrons typically carry an energy of 2-6 eV, and can be measured in parallel with the 

CL signal using an Everhart-Thornley detector (ETD) within the SEM chamber. This 

detector operates with a +200 V positive bias applied to a Faraday cage positioned at a 

high angle off-normal. Secondary electrons are extracted from underneath the CL mirror 

where they are accelerated into a scintillator, with the resulting photons measured by a 

PMT. These secondary electrons can be emitted in three ways: through inelastic 

interactions at beam impact location (type 1), by backscattered electrons away from the 

point of impact (type 2), and from interactions with the mirror and other microscope 

components (type 3).  For imaging, the best spatial information is derived from SE Type 

1, with a resolution on the order of the spot size (few nm). Practically, the resolution of 

the SE images taken while collecting CL is reduced due to both Type 2 SE, and the large 

spot sizes that result from using relatively high beam currents (Figure 2.6).  

 

Figure 2.6 | Simultaneously acquired SE and panchromatic CL images of an Au 
plasmonic ring/disc quadrumer. Structure fabricated by J.B. Lassiter. 

pan CLSE
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Chapter 3 

Photocurrent and Hyperspectral 
Microscopies 

This chapter serves as an introduction to the principal optical and opto-electical 

measurement techniques employed for the measurements in this thesis. Design 

and operating principles are presented for both scanning photocurrent and UV-

visible hyperspectral microscopies. 

3.1. Scanning photocurrent spectroscopy 

Characterizing the response of optoelectronic devices is critical to understanding 

their properties. As device sizes have shrunk, it has become increasingly important to be 

able to understand, at the diffraction limit, the influence of optical frequency, 

polarization, power, and spatial position on the electrical response. To permit this 

characterization, we have developed a custom scanning photocurrent microscope. This 

microscope, used to acquire data in Chapters 6 and 7, was based on design input by both 

Dr. Nathaniel Grady and Dr. Daniel Ward. The brightfield illumination scheme is based 
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on the work of August Köhler (1893).32 The beam scanning approach to photocurrent 

imaging was derived from a design published by Zhang, Aite, and Yu (2007).33 A 

schematic of this microscope is shown in Figure 3.1.  

 

Figure 3.1 | Schematic showing a homebuilt photocurrent microscope brightfield 
illumination. The optical system includes two principal optical elements: brightfield 
Köhler illumination, and a lens-based beam scanning system.  

The operating principles of this microscope are relatively straightforward. First, 

the sample is positioned under brightfield illumination using a 3-axis stage using a live 

image of the sample on the camera (ThorLabs DCU223C). Optimizing the illumination is 

accomplished by controlling both the Field and Aperture stops (Figure 3.1). First, the 

Field stop is closed until only a small circle of light is visible on the sample image. If this 

circle is not at the center of the image, then the Condenser lens can be adjusted to center 
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the illumination spot. Opening the Field stop to slightly overfill the field of view will then 

allow complete illumination of the sample region of interest, without the possibility for 

scattering contributions from outside of the imaged region. Next, the Aperture stop can 

be closed down to slightly underfill the back aperture of the objective. This stop controls 

the numerical aperture of the illumination. When the back aperture of the objective is 

fully illuminated, then the illumination NA will match the numerical aperture of the 

objective lens. For some samples better contrast may be obtained, at the cost of reduced 

resolution, by employing a smaller Field stop.  

 Once the sample is visible on the camera image, the sample region of interest 

(ROI) and laser spot can be aligned. Frequency bands are selected from the output of the 

broadband laser source (Fianium) using an acousto-optical tunable filter (AOTF). When 

working at energies below the bandgap of silicon (~1.1 eV at 300 K, or  ≈ 1100	nm) 

the laser spot cannot be imaged directly using the Si-based camera. However, due to the 

high degree of collimation attainable with achromatic optics, rough positioning and 

focusing of the laser spot can be accomplished by setting the AOTF to output a band 

centered at 1064 nm. This wavelength is the fiber laser pump frequency, and contains 

sufficient power to be easily seen on a Si CCD despite the relatively low quantum 

efficiency of the camera near the Si band edge. Focusing can be accomplished by 

adjusting the position of any of the fixed lenses in the laser path, although lens L3 is 

generally selected. 

 Following optical alignment, electrical probes can be placed in contact with the 

sample. To maximize flexibility with respect to sample geometry we employed 

independent Tungsten needle probes that were positioned using manual 3-axis controllers 
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from Quater Research (Model XYZ 300 TL). The electrical output from these probes can 

then be directly connected to the electrical characterization system. 

Once aligned and electrically connected, this microscope supports three general 

types of measurement: current-voltage, photocurrent imaging, and photocurrent 

spectroscopy. For all cases, the polarizer/wave plate can be adjusted to control the linear 

polarization of the laser relative to the sample. Total power after the objective can be 

measured directly using a thin power meter (example: ThorLabs S132C, 700-1800 nm). 

Prior to any optical measurement a beam block is inserted into the brightfield beam path, 

and the environment darkened, to minimize extraneous illumination of the sample. 

Current-voltage measurements can be performed with the laser at a given sample location 

with total current measured using a sourcemeter (Keithley 2400). Both photocurrent 

imaging and photocurrent spectroscopy are performed using lock-in detection (Signal 

Recovery, 7280 DSP amplifier). For photocurrent imaging, the laser parameters are fixed 

(frequency band, polarization, and power) and the resulting laser spot is raster scanned by 

adjusting the position of lens L1 using a 2-axis computer-controlled stage (Newport 

LTA-HS actuators). For each spatial position, custom software records the current or 

voltage detected by the lock-in amplifier. For spectroscopy, the laser spot is positioned on 

a fixed sample location, and the frequency scanned by adjusting the AOTF. For each 

frequency the photocurrent is recorded. To obtain spectra, this photocurrent must be 

normalized by the incident laser power. It is important when designing samples for 

spectroscopy to account for the wavelength dependence of the diffraction-limited spot 

size, and the corresponding reduction in power density. This issue can be 

straightforwardly addressed by fabricating sample arrays with a spatial extent 
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significantly larger than the illumination spot FWHM, which eliminates the problematic 

effects of both chromatic drift in the illumination spot position and the frequency-

dependent diffraction limited spot size.  

To illustrate the two principal optical assemblies in the photocurrent microscope – 

the Köhler illumination arm and the beam-scanning lenses – the following sections show 

simple raytraced diagrams calculated using realistic lens diameters and distances 

(OpticalRayTracer).34 Simple lenses for raytracing were designed using the lens maker’s 

formula, using a positive sign convention: 

= ( − 1) −       ,                        (3.1) 

with the  refractive index specified as n = 1.5 for simplicity. All lenses were set as 25 mm 

in diameter to match the lenses employed in the experimental system. 

 

3.1.1. Köhler Illumination 

High quality optical microscopy necessitates uniform illumination. However, 

most illumination sources exhibit significant spatial variation, with the type and degree 

depending on the details of the source. A direct projection of the light source onto the 

sample plane, therefore, will result in a composite image showing both the illumator and 

the sample. This composite image will, for all but the crudest applications, display an 

unacceptable degree of grain and nonuniformity. 
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To achieve high quality micrographs three principal conditions must be met: (1) 

the numerical aperture and incidence angle must be matched to the sample and collection 

system, (2) only the part of the sample to be imaged is illuminated to reduce extraneous 

reflections from lens mountings, and (3) there must be homogeneous illumination over 

the entire field of view. These conditions are all satisfied when using the illumination 

system devised by August Köhler in 1893.32 

Köhler illumination is based on the use of adjustable apertures placed into the two 

principal conjugate planes of the microscope: the field (image forming) planes, and the 

aperture (illumination) planes. For each set of conjugate planes, any image in focus in 

one plane will be simultaneously in focus in the other conjugate planes. An iris placed 

along the illumination path at a field plane will, therefore, limit the overall field 

illuminated at the sample plane. Likewise, an iris in the aperture plane will control the 

numerical aperture of the illumination system without modifying the size of the 

illuminated region on the sample. 

The light source, which is located in the set of aperture conjugate planes, can be 

highly nonuniform. However, each point on the source can be conceptually understood as 

a point source emitting a diverging cone of uniform intensity. Each of these individual 

cones will, as shown by the rays in Figure 3.2a (red lines), contribute equally to the entire 

image plane at the sample surface (shown in green). 
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Figure 3.2 | Ray diagram illustrating Köhler illumination. (a) Transmission illumination, 
from the original woodcut by August Köhler,32 with the addition of labels and color ray 
tracings for clarity. (b) Reflection brightfield implementation of Köhler illumination, 
illustrating positioning of the Field and (c) Aperture stops for the two conjugate planes.  

Since many nanoscale systems are fabricated on opaque substrates (such as 

silicon), reflection is frequently the most appropriate approach and the objective and tube 

lens become part of the illumination system. While the original work by Köhler 

illustrated transmission brightfield (Figure 3.2a), minor modifications allow the same 

illumination scheme to be implemented for reflection brightfield (Figure 3.2b-c). The 

relative separation between the objective and the tube lens will generally be dictated by 

the imaging requirements, with most objectives designed for tube lens focal lengths (fTL) 

from 165 – 200 mm. The Condenser lens (L2) will then be located a distance f2+fTL from 

the tube lens.  
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With these elements in place, the stops can be added. First, the Field and Aperture 

stops can be positioned in the image plane and the illumination planes, respectively, as 

shown in Figure 3.2. The Collector lens and illumination source can then be positioned 

such that the illuminator is imaged on the Aperture stop. At this point, the sample should 

be evenly illuminated and, when stopped down, the edges of the Field iris will be in sharp 

focus in the microscope image.  

Aligning the two pairs of conjugate planes properly is the key to achieving high 

quality illumination. After rough positioning on the optical table, it is important to adjust 

the positions of the Field stop and Collector lens to achieve optimal performance. The 

final positions may need to be offset from the lens and iris positions indicated in Figure 

3.2, depending on the properties of the lenses employed. Realistic systems will exhibit 

discrepancies from the idealized lens spacings due to the use of thick lenses, chromatic 

aberration, or measurement error.  

 

3.1.2. Beam scanning 

Scanning the laser beam, as opposed to the sample, allows the use of electrical 

probes without requiring complicated wire bonding or an expensive piezoelectric stage. 

This can be accomplished straightforwardly by employing the ‘optical cantilever’ shown 

in Figure 3.3. Following collimation by lens L1, the laser is focused onto the focal plane 

of the objective. To achieve diffraction-limited performance, the incident laser beam 

illuminates the entire back aperture of the microscope objective. To avoid a loss of power 

and resolution during scanning, the optical system is also configured such that the entire 
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back aperture is filled throughout the scan. This is accomplished by positioning lens L1 at 

a distance 2f1 from the back aperture as shown in Figure 3.3. 

 

Figure 3.3 | Ray diagram illlustrating laser beam scanning. Panels show lens L2 with a 
(a) negative offset, (b), centered, and a (c) positive offset. For this diagram, both 
scanning lenses L1 and  L2 have equal focal lengths. For all lens positions the objective 
back aperture is completely filled, and the laser beam is focused to a diffraction-limited 
spot. 

Moving the laser focus in the objective image plane by a distance ΔXIP is 

accomplished by introducing an offset of lens L2. The diffraction-limited laser spot in the 

sample plane then shifts by a distance ΔXsample=ΔXIP/Meff, where Meff is the effective 

magnification of the objective. When lens L1 is a tube lens matched to the objective, then 

the objective magnification is equal to the specified magnification for the objective. In 
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these experiments, where a 20x objective was used, a movement of the focal spot in the 

objective image plane by 1000 nm would only move the focal spot on the sample by 50 

nm, allowing a high degree of control and repeatability while using only mechanical 

actuators. 

It should be noted that the stated magnification of an objective is achieved only 

when using a tube lens matched to the reference focal length. If the chosen focal lengths 

for lenses L1 and L2 are not equal to the tube lens focal length then the movement of the 

focal spot on the sample will be modified. With a tube lens matching the objective, the 

magnification of an objective can be calculated using: 

= /     ,     (3.2) 

where M0 is magnification, Ft is the tube lens focal length, and Fo is the objective focal 

length. When using an alternate imaging lens, however, such as a beam scanning lens L1 

with  fL1=50 mm (instead of the 200 mm focal length of a Mitutoyo tube lens) then we 

get:  

= /     ,     (3.3) 

where Meff is the magnification of the objective in the beam scanning image plane. The 

consequence of this change in magnification is that using short focal length lenses for 

beam scanning results in an increased sensitivity to scanning stage error. To achieve the 

same 50 nm step size with a 50 mm focal length lens, relative to a 200 mm focal length 

lens, the L2 stage would need to move only 250 nm. 
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3.2. Darkfield hyperspectral spectroscopy 

Darkfield microspectroscopy is a critical tool for nanophotonics due to the wealth 

of information attainable and the relatively low degree of optical sophistication required. 

Single particle measurements, performed via darkfield scattering, allow for accurate 

determination of plasmonic responses without the influence of inhomogeneous 

(ensemble) broadening. However, this technique generally requires the acquisition of an 

individual spectrum for each particle. As a result, when attempting to characterize 

geometry-dependent trends, or observe statistical variation within nominally identical 

populations, standard darkfield spectroscopy can be prohibitively slow and parallelized 

spectral acquisition, called hyperspectral imaging, becomes desirable.  

Darkfield spectroscopy itself is relatively straightforward. A nanoparticle sample, 

illuminated either uniformly or directionally in a darkfield configuration, is imaged 

through a spectrometer onto a focal plane array (FPA) (Figure 3.4a). The entrance slit of 

the spectrometer is closed to nearly the size of the diffraction-limited particle image 

(Figure 3.4b). While the slit width is not critical for nanoparticles, as the ‘effective’ slit 

width is determined by the diffraction limited image, matching the slit to the nanoparticle 

image is still important. A slit width approximately matching the nanoparticle image in 

width yields the correct spectral resolution when calibrating the spectral image against 

the lamp spectrum, and avoids calibration artifacts in the case of a lamp spectrum with 

significant spectral variation. Finally, the grating is moved to a position such that 1st order 

diffraction disperses the scattered light onto the FPA (Figure 3.4c). This image can be 

converted to a complete spectrum by subtracting the background scattering, and 
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normalizing by the light scattered from a white calibration standard. For a more detailed 

discussion of darkfield techniques, refer to “Complex Plasmonic Nanostructures: 

Symmetry Breaking and Coupled Systems” (J.B. Lassiter, 2012).35 

 

Figure 3.4 | Darkfield spectroscopy of single nanoparticles. Image (a) shows dispersed 
particles on a glass substrate, under darkfield illumination, imaged through a 
spectrometer using zeroth order diffraction from the spectrometer grating. (b) Closing the 
entrance slit of the spectrometer selects a narrow region of the sample, allowing isolation 
of a particular particle. (c) Moving the grating to select first order diffraction disperses 
scattered light from the particle across the CCD. In all panels, the red arrow indicates the 
particular particle to be analyzed. Figure adapted with permission from J.B. Lassiter.35  

Hyperspectral acquisition extends the darkfield method to construct a three-

dimensional datacube containing a full spectrum for each spatial location on the sample 

(Figure 3.5). This data cube can be constructed experimentally in two ways: either 

through a spatial scan, where spectra are acquired for slices of the sample, or through a 

spectral scan, where real-space images are acquired for each frequency. Spatial scan 

(a)

(b)

(c)
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hyperspectral can allow high spectral resolution. Since one spatial axis must be scanned, 

the final image resolution depends on the number of scan steps. Scanning is generally 

performed by moving the sample, which requires precise motion control, such as a piezo 

stage. This makes simultaneous electrical characterization difficult since probes cannot 

be placed directly on the sample, generally necessitating wire bonding. Frequency scan 

hyperspectral, by contrast, is performed by scanning the frequency of the incident light 

and capturing real-space images of the resulting scattering. The final spectra therefore 

contain a spatial resolution determined by the camera (such as 1024x1024 pixels), and a 

spectral resolution determined by the number of frequency steps and the output 

bandwidth of the monochromator used to filter the light. This method also leaves the 

sample stationary, which can be a desirable property when probing the optoelectronic 

response of a sample. Properly implemented, both techniques can ultimately construct 

equivalent data cubes. The selection of the scan axis – frequency or spatial – depends on 

the application.   
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Figure 3.5 | Illustration of hyperspectral data cubes for (a) Spatial scanning and, (b) 
frequency scanning hyperspectral systems. The camera records image slices orthogonal 
to the scan axis (indicated by the red arrow). After assembly, both cubes are comprised of 
two spatial axes and a frequency axis.  

Two schematic representations of hyperspectral microscopes are shown in Figure 

3.6. Spatial scan hyperspectral, in the visible, is straightforward to implement (Figure 

3.6a). The output of a lamp is focused onto the sample using refractive optics, and the 

scattered light is subsequently captured using an objective, and imaged onto the entrance 

slit of a spectrometer using a tube lens (TL). The grating can be set to either show an 

image of the sample (0th order diffraction), or disperse the light into a spectral image (1st 

order diffraction). Scanning is generally accomplished by scanning the sample, causing 

the sample image to move across the entrance slit. When sample movement is not 
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feasible, the spatial scan may also be accomplished by scanning the entrance slit of the 

spectrometer across the image.   

Frequency scan hyperspectral is implemented by filtering the light incident on the 

sample and then imaging the total light scattered (Figure 3.6b). To extend this technique 

into the ultraviolet, it is necessary to both illuminate and image across a substantially 

wider band of frequencies than most commercial visible microscopes accommodate. 

Difficulties arise in the deep ultraviolet as diffractive optics become both absorptive and 

highly chromatic. While higher lamp intensities can partially compensate for optical 

losses, the chromatic response of refractive optics presents a significant problem for 

broadband spectroscopy. To avoid these issues, we constructed the UV hyperspectral 

system for the aluminum measurements (Chapters 9 and 10) using purely reflective 

optics. These optics allow focusing free of chromaticity, and with relatively low (<10%) 

loss per optical surface from the UV into the infrared. Illumination was accomplished 

using a 2f z-fold geometry, where a 10 cm focal length spherical mirror (M2) was 

employed to reimage the output slit of the monochromator onto the sample surface. 

Scattered light was then imaged onto a UV-enhanced CCD camera (Princeton 

Instruments) using a finite-conjugate reflection objective (Edmund Optics, ReflX, 15x, 

0.28 NA). To compensate for the lamp spectrum the resulting images were calibrated 

using a UV-grade diffuse reflectance standard (LabSphere SRS-75). 
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Figure 3.6 | Two approaches to hyperspectral microscopy. (a) Spatial scan hyperspectral, 
where either the sample or spectrometer/camera unit are scanned. For each spatial 
location, the camera records a 2D image showing scattering amplitudes as a function of 
the orthogonal spatial axis. This diagram shows a finite conjugate objective, which 
requires a tube lens to produce an image. (b) Frequency scan hyperspectral is based on a 
camera that records a real-space image for each illumination frequency. The illumination 
method shown uses a 2f z-fold illumination scheme, where the spherical mirror M2 is 
placed a distance 2f2 from both the sample and the exit slit of the monochromator. The 
exit slit is reimaged onto the sample surface. Flat mirror (M2) was used simply to redirect 
the light. For monochromators with sufficiently high spatial dispersion, this illumination 
can then be approximated as monochromatic when recording hyperspectral images. 

 

3.2.1. Grating selection 

A key distinction between spatial scanning and frequency scanning hyperspectral 

systems lies in the choice of the dispersive optical element. For a spatial scan system, the 

spectrometer grating is chosen to disperse the spectral region of interest across a CCD. 
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Since the horizontal dimension of a CCD is typically near 25 mm, the desired dispersion 

is typically low for plasmonic applications that are characterized by wide tuning ranges 

and broad bandwidths. For a 150 mm focal length spectrometer, an appropriate grating 

for examining single particle plasmons might have 150 g/mm, allowing a single spectral 

image to span 400-1100 nm with a resolution of ~1 nm/pixel. Unlike spectrometer-based 

systems, frequency scanning systems require highly dispersive gratings in order to 

achieve acceptable spectral resolution.  

The spectral resolution of a frequency scanning system is determined by the 

output bandwidth of the monochromator. This bandwidth is given by the product of the 

inverse linear dispersion and the exit slit width according to the equation: 

BP	 = 	 	 	( )		   nm       ,             (3.4) 

where w is the exit slit width (mm), LB is the effective exit focal length (mm), k is the 

diffraction order, n is the grove density (g/mm), and β  is the angle of diffraction relative 

to the zero order position. For example, a 1200 g/mm grating mounted in a 150 mm 

monochromator with an exit slit of 1 mm will have a wavelength-dependent bandpass of  

3-6 nm throughout the UV-visible spectral regime. While this resolution is lower than 

that achieved by a CCD-based spectrometer, the spectral resolution can be increased by 

employing a higher groove-density grating, or employing a longer focal length 

monochromator.  

Additional details on the optical response of dispersive instrumentation, including 

the Czerny-Turner design employed by Princeton’s SP2150 spectrographs, are available 
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in both “Building Scientific Apparatus” by Moore, and “Laser Spectroscopy” 

(Demtröder).36-37 

 

3.2.2. Ozone mitigation 

An ultraviolet source with a reasonable photon flux is critical to the construction 

of a functional hyperspectral UV microscope. However, when UV sources are operated in 

the presence of an oxygen environment substantial quantities of ozone may be produced. 

Avoiding ozone production is desirable due to both deleterious effects on human health, 

degradation of optical components, and interference with optical measurements at 

wavelengths shorter than ~300 nm.  

For humans, short term effects of ozone exposure include irritation of the lungs, 

with significant exposure causing pain, coughing, and shortness of breath. Chronic 

exposure to ozone may cause permanent damage, including accelerated aging of the 

lungs.38 

Ozone, which is highly reactive, can also cause photo-disassociation of 

carbonaceous molecules in the laboratory environment. This process results in the 

deposition of amorphous carbon-rich thin films on the surface of exposed optical 

elements. Carbon deposits decrease the performance of optical components both through 

increased surface roughness and direct absorption of photons. While carbon does absorb 

throughout most of the visible, the problems associated with absorption are especially 

severe in the UV.39-41 
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Ozone (triatomic oxygen) is produced according to the following mechanism due 

to absorption of high energy (>6 eV) light by gaseous oxygen (O2): 

O (g) + hν(λ < 200	 ) = 2	O        ,                (3.5) 

O + O (g) = O 	(g)        ,             (3.6) 

Once gaseous ozone is present, the absorption of UV photons by the ozone molecules can 

cause decomposition back into O2 through the following process:  

O (g) + hν(300 > > 	200	nm) = O + O 	(g)        ,                (3.7) 

O + O (g) = 2	O 	(g)        ,             (3.8) 

As a result of these two competing processes the concentration of ozone will typically be 

a time-varying quantity, and the absorption due to the gaseous environment will shift 

correspondingly. An absorption spectrum for a 50 cm beam path, with significant 

amounts of ozone, is shown in Figure 3.7a. The primary absorbance peak, from 4-6 eV, is 

due to absorption by ozone; the high energy peak (>6 eV) is the result of absorption by 

O2 gas. 
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Figure 3.7 | Ozone absorbance and mitigation. (a) Absorption along a 50 cm beam path 
without a dry N2 purge. Data adapted with permission from Energetiq, Inc. (b) 
Representative data (blue line) showing the remaining O2 volume fraction inside the 
hyperspectral microscope purge box as a function of time. The red line is a single 
exponential fit with a decay constant of 166 seconds.   

The time-varying nature of the ozone concentration, and associated absorption, is 

a significant problem for scanning spectroscopy techniques. The ozone problem, 

however, can be solved simply by purging both the microscope and source with high 

purity dry nitrogen.  This can be accomplished by constructing an enclosed box around 

the entire optical system, and maintaining a positive pressure of N2. The oxygen 

concentration in the box will decrease close to exponentially over time (Figure 3.7b), 

with the exact rate depending on the flow rate of the purge gas, and the volume of the 

purge box. To avoid degradation of optical components with carbon, the lamp should not 

be ignited until the box is nearly free of oxygen. 

 

2 3 4 5 6

0.00

0.25

0.50

0.75

1.00

 
A

bs
or

ba
nc

e

Energy (eV)

60
0

55
0

50
0

45
0

40
0

35
0

30
0

25
0

20
0

Wavelength (nm)

O3 (ozone) 
absorption

O2 abs.

(b)(a)

0 2 4 6 8 10 12 14 16 18 20

0

2

4

6

8

10

12

14

16

18

20

 

O
2 f

ra
ct

io
n 

(%
)

Time (minutes)

 Measured O
2
 fraction

 Exponential fit



 
60 

 

Chapter 4 

Substrates Matter: Influence of an 
Adjacent Dielectric on an Individual 

Plasmonic Nanoparticle 

Darkfield microspectroscopy is a powerful tool for characterizing single particle 

plasmonic resonances, but offers only spectral information due to the diffraction 

limit. Obtaining structural information, which is necessary for understanding the 

origin of the measured resonances, requires subsequent imaging with nanoscale 

resolution. Typically this imaging is performed using either scanned electron-

beam or probe techniques, both of which perform best with a contaminant-free 

sample surface. This prevents the use of index matching oil and results in most 

plasmonic studies being performed on samples at the interface of an 

inhomogeneous dielectric environment. This chapter addresses the spectral 

effects that result from placing plasmonic particles near a dielectric interface.42 
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4.1. Introduction 

Metallic nanoparticles with their collective electronic resonances- surface 

plasmons- form a broad family of nanostructures of increasing variety, complexity, and 

technological importance. Plasmonic nanoparticles exhibit a remarkable sensitivity to 

their environment, where interactions with proximal structures and materials typically 

influence their plasmon properties in dramatic and easily observable ways. The 

interaction of plasmons on adjacent nanoparticles or the coupling of two plasmons on the 

same nanoparticle provide practical routes to the rational design of nanostructures with 

new plasmonic properties.  The influence of a directly adjacent or an isotropically 

surrounding dielectric medium also alters the plasmonic properties of a nanoparticle. This 

effect has been of tremendous interest in the development of ultrasensitive localized 

surface plasmon resonant (LSPR) nanosensors capable of ultimately detecting individual 

molecular binding events. In fact, the ease at which the properties of localized 

nanoparticle plasmons are influenced by their local environment has made definitive 

measurements of their fundamental characteristics a significant, ongoing challenge. As a 

result, the study of plasmonic nanoparticles at the individual nanostructure level has 

become a major experimental focus, and has enabled numerous significant advances in 

our understanding of plasmons in nanoscale systems. For example, in dark field 

microspectroscopy, individual nanoparticles are dispersed onto a dielectric substrate, 

where UV-visible spectroscopy is subsequently performed on a nanostructure. 

Combining these local optical measurements with precise, nanoscale imaging of the 

individual nanostructure (e.g., scanning electron microscopy) allows us to relate the 

plasmonic properties of specific individual nanoparticles and their complexes to their 
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specific nanoscale geometry. This enables quantitative comparison between the 

experimental spectra and theoretical calculations of their electromagnetic modes. 

Given the success of this experimental approach, it is very important to examine 

the effect of the dielectric substrate on the plasmonic properties of the nanoparticle on its 

surface. The dielectric substrate provides a mechanism for symmetry-breaking, which has 

been shown in other plasmonic systems to lift mode degeneracies and modify the 

coupling of the plasmon modes to the far field. It has been well established that the 

interaction between a plasmonic nanoparticle and adjacent metallic substrates of various 

geometries creates a strongly coupled plasmonic system, with hybridization of the 

localized surface plasmons of the nanoparticle and the propagating surface plasmon 

polaritons of the extended metal analogous to the Anderson model in condensed matter 

systems.43-46  For an adjacent dielectric, this interaction is far weaker,  with the plasmon 

coupling to its image of surface charges,  screened by the factor (ε-1)/(ε+1) where ε is the 

permittivity of the substrate. This weaker interaction is frequently neglected, or modeled 

as an “effective refractive index” embedding the nanostructure, altogether suppressing 

the reduced symmetry of the geometry.47 Several approximate Mie scattering solutions 

have been developed to incorporate the effects of image multipoles for this geometry. 48-

51 Computational models capable of incorporating substrate effects and asymmetric 

particle geometries have also been developed based on the discrete sources method 

(DSM),52 the discrete dipole approximation (DDA),53 and the finite-difference time-

domain (FDTD) approach.54 
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Here we examine how the properties of a dielectric slab substrate affect the 

plasmonic mode energies of a spherical plasmonic nanoparticle on the substrate surface. 

By examining the spectra of individual nanoparticles on substrates of varying 

permittivity, we observe that the dielectric substrate can exert a significant influence on 

the nanoparticle spectrum. The reduced symmetry of this geometry results in the splitting 

of a single resonant mode into two closely spaced resonances. These nondegenerate 

modes are most clearly distinguished in the spectrum of a plasmonic nanoparticle on a 

high permittivity substrate (ZnSe). On lower permittivity substrates of more widespread 

use in single nanoparticle spectroscopy, such as silica glass, the mode splitting appears as 

an anomalous, “spoof” broadening of the plasmon mode resulting from p-polarized 

excitation of the nanoparticle-substrate system. Remarkably, this mode splitting is 

strongest for solid metallic nanoparticles, not nanoshells, a trend opposite to the plasmon 

shifting observed for the same nanoparticles in isotropic dielectric media. 

4.2. Experimental methods 

Two types of plasmonic nanoparticles were used in these studies: Au/silica 

nanoshells, fabricated as previously reported,55-56 and Au nanospheres (Ted Pella, Inc.). 

Both particle types were rinsed three times via centrifugation and resuspended in MilliQ 

water (Millipore) prior to deposition on one of three dielectric substrates: cleaned glass 

coverslips, uncoated optical grade sapphire windows (Edmund Optics), and uncoated 

ZnSe windows (II-VI Infrared). All substrates were prepared with alignment marks 

evaporated through transmission electron microscopy (TEM) grids to allow the direct 

comparison of single particle optical spectra and geometry.57  Particles were deposited on 
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substrates by spin-casting a dilute suspension of particles onto an optical grade substrate 

without an adhesion layer, resulting in sparse nanoparticle coverage.  

 

 

Figure 4.1 | (a) Schematic of the optical system (not to scale), with a dark-field objective 
gathering the light scattered from an individual nanoparticle on a dielectric substrate. (b) 
Dipolar charge distribution for p-polarized incident light and (c) s-polarized incident 
light. 

The dark-field microscopy geometry allows light at an oblique angle to be 

incident on an individual nanoparticle, where light scattered by the nanoparticle is 

collected in a broad cone of solid angles defined by the numerical aperture of the 

microscope objective (Figure 4.1a). The dark-field microspectroscope employed for these 

experiments has been previously described.57-59 Briefly, isolated particles were located on 

a gridded substrate using an inverted optical microscope (Zeiss Axiovert 200 MAT) using 

white light and a 100x, 0.9 NA dark-field objective. Spectra were acquired by focusing 
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the particle image on the entrance slit of a spectrometer (Acton Microspec 2150i) and 

recording the image on a thermoelectrically cooled CCD (Princeton Instruments, 

PhotonMax 512). The spectral efficiency, calibration, and background were accounted 

for in postprocessing using spectra of a broadband calibration standard source (Edmund 

Optics) and line filters.59 Both p-polarized and s-polarized light were obtained by rotating 

a linear polarizer (LPVIS 100, Thorlabs) with respect to a wedge-shaped cutout in the 

optical path just after the halogen lamp.  This wedge of light is then reflected off a single 

region of the darkfield objective mirror (Zeiss, 100x, 0.9 NA), and its polarization is 

maintained at the sample plane. Following optical characterization, the morphology of 

each nanoparticle studied was characterized using low vacuum scanning electron 

microscopy (ESEM, FEI Quanta 400). The low pressure H2O environment (~0.98 Torr) 

allows surface charge to dissipate while viewing particles on dielectric substrates without 

the need for depositing a conductive layer on the experimental samples.  

4.3. Modeling particles on a dielectric substrate 

Theoretical spectra for nanoshells and colloid supported on an infinite film were 

calculated numerically using a commercially available FEM package (COMSOL 

Multiphysics 3.4 with the RF module).60-61 The nanoparticles were modeled as concentric 

spheres of radii r1 and r2, and separated from the substrate by a gap D. For small gaps, D 

= 1 nm was used for this study. For these parameters the calculated spectra were 

consistent with experimentally observed spectra.  The Au nanoshells were modeled using 

empirically determined bulk dielectric values with linear interpolation;16 cores were set as 

Au for colloid, and silica (ε = 2.04) for nanoshells. The spherical simulation space was 
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subdivided into two halves:  air (εair = 1) and a variable permittivity substrate (εsubs), each 

surrounded by an absorbing perfectly matched layer (PML). The substrate was modeled 

using constant permittivities for glass slides (εsubs = 2.31), sapphire (εsubs = 3.13), and 

ZnSe (εsubs = 7.13). A realistic dielectric function for ZnSe, which varies from ε = 7.5 –  

6.2  over the experimental spectral range of λ = 500 – 1000 nm),62 was used. To perform 

numerical simulations of this coupled system, a two step solution process avoided 

spectral artifacts from waves scattered by the boundary between the air PML and the 

substrate PML. First, the total field was determined numerically without the particle for a 

plane wave incident at an angle θinc (Figure 4.1a), then that field was inserted as the 

excitation field for the nanoparticle. In the scattered field formulation this method results 

in low field intensities far from the nanoparticle. Spectra were calculated by integrating 

the far field determined using the Stratton–Chu formula63  over a spherical boundary with 

an opening half angle of sin-1(N.A.) to include the effect of a realistic microscope 

objective in air.  

4.4. Results 

The nanoparticle-dielectric system can be understood using plasmon hybridization 

theory.59, 64 For nanoparticles in air above a dielectric substrate, the magnitude of the 

surface charges induced by the plasmon is reduced by a factor of (ε-1)/(ε+1), so materials 

with a larger dielectric permittivity will give rise to a stronger ‘image’ plasmon. The 

spectral shifts resulting from the presence of a substrate can then be viewed as the 

hybridization of the particle plasmon with this screened ‘image’, giving rise to a particle-
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image dimer, where larger image charges due to a larger permittivity will yield a larger 

plasmon shift.59 The strength of the shift will depend strongly on polarization. Incident 

light polarized parallel to the substrate (s-polarization) will localize the charges further 

from the substrate, resulting in weaker substrate interactions (Figure 4.1b) than p-

polarized excitation, which will give rise to the more strongly shifted plasmon mode in 

the spectrum (Figure 4.1c).  

Spectra of individual nanoshells on glass, sapphire, and ZnSe substrates were 

obtained for both s-polarized and p-polarized incident light excitation and compared with 

FEM calculations of each system (Figure 4.2). On a glass substrate, a relatively small 

difference is observed in peak energies between s-polarized and p-polarized light. 

However, the linewidth of the p-polarized spectrum (blue) is increased dramatically 

relative to the s-polarized spectrum (black). Our FEM calculations agree well with this 

observed behavior. We also show that the s-polarized spectrum on glass gives a spectrum 

nearly identical to the result obtained from Mie theory for the same nanoparticle in 

vacuum. This suggests that one can experimentally approximate the vacuum behavior of 

a nanoparticle by supporting the particle on a low-index substrate and use only s-

polarized light excitation.  
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Figure 4.2  | Comparison of experimental (left column) and theoretical calculations (right 
column) for nanoshells on glass (n = 1.52), sapphire (n = 1.77, and ZnSe (n = 2.67). 
Incident light was p-polarized (blue) or s-polarized (black) and incident at 79±2°. 
Theoretical spectra correspond to an [r1, r2] = [67.0, 79.5] nm nanoshell calculated 1 nm 
above the substrate using polarized light incident at 79° with NA = 0.9. The gray curve is 
Mie theory for the same nanoshell in an isotropic medium (air). Scale bars are 100 nm. 

Increasing the substrate permittivity increases the splitting of the s- and p- 

polarized spectra (Figure 4.2). The broader peaks observed for p-polarized incident light 

are due to the simultaneous excitation of modes associated with polarizations parallel and 

perpendicular to the substrate. For the objective used, the polarized light was incident on 
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the sample at an angle of 79±2°. For s-polarized light, this allows an almost pure 

polarization parallel to the substrate surface: for p-polarized light, this includes 

components polarized both perpendicular and parallel to the substrate. Despite the large 

perpendicularly polarized component of the p-polarized incident light, the associated 

nanoparticle spectra all have a significant parallel (s-like) component as the radiation 

pattern associated with the parallel mode preferentially scatters into the objective. The s-

polarized spectra obtained have a Lorentzian lineshape, and the p-polarized spectra have 

a bi-Lorentzian lineshape (Figure 4.3a,b). The bi-Lorentzian lineshape of the p-polarized 

and – by extension – unpolarized spectra describes the apparent linewidth broadening 

observed experimentally. This superposition of two closely spaced Lorentzian curves 

appears as a single broadened peak with a larger FWHM than predicted using 

computational or analytical solutions in air, or using effective medium theory. Spectral 

analysis of individual nanoparticles on sapphire and ZnSe substrates reveals that the 

difference between the perpendicular and parallel mode energies increases linearly with 

substrate permittivity (Figure 4.3c). For each substrate, the average of the peak splitting 

energies observed, along with the associated standard deviation of our measurements, are 

shown. The resulting linear increase agrees closely with calculations using inner and 

outer radii of [r1, r2] = [61.0, 79.5] nm, where the peaks split by 45.8 meV/unit 

permittivity. 

Increasing the peak splitting energy can also be accomplished by decreasing the 

nanoshell core-shell ratio (Figure 4.3d). Calculations for a range of nanoshells with 

different core radii and a shell radius of 79.5 nm show the largest shift for solid Au 

nanospheres, with decreasing shifts as the shell becomes progressively thinner. On ZnSe, 
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this trend is well described by the exponential τδδ /)/( 21 rr

colloid AeEE −= , with δEcolloid = 513 

meV, A = 15 meV, and  τ = 0.276. Given the observed linear dependence of the plasmon 

mode shift as a function of substrate permittivity, these results correspond to a splitting 

energy with a sensitive dependence on nanoparticle geometry, especially in the thin 

nanoshell regime. Experimental results are shown for Au nanospheres (r1/r2 = 0) and 

nanoshells (r1/r2 = 0.763), where error bars indicate the standard deviation of the 

measurements. 

 

Figure 4.3 | Linear dependence of substrate-induced plasmon mode splitting on substrate 
permittivity. (a) P-polarized spectrum calculated for an [r1, r2] = [61.0, 79.5] nm 
nanoshell, with a 0.9 NA objective, and a bi-Lorentzian fit (red line). Lorentzian 
components are indicated by dotted lines. (b) S-polarized spectrum with a Lorentzian fit 
(red line). (c) Mean values of experimentally observed shifts from S to P peaks for 
nanoshells (black dots), with error bars indicating the standard deviation of the 
measurements. Theory fit (blue line) is for a [61.0, 79.5] nm nanoshell (d) Theoretical s-
to-s peak shifts (blue crosses) calculated on a ZnSe substrate for nanoshells with a 79.5 
nm outer radius, and varying inner radius. Calculated points are fit with an exponential 
(blue curve). Experimentally observed shifts are included for Au nanospheres and 
nanoshells (black points). 

1 2 3 4 5 6 7
0.0

0.1

0.2

0.3

 

P
e

a
k 

sh
ift

 (
e

V
)

ε
substrate

0.0 0.5 1.0
0.0

0.1

0.2

0.3

0.4

0.5

 P
e

a
k 

sh
ift

 (
e

V
)

r
1 
/ r

2

(c) (d)

(a) (b)

1.3 1.5 1.7 1.9

S
ca

tte
ri

n
g

 (
a

.u
.)

 

Energy (eV)
1.3 1.5 1.7 1.9

 S
ca

tte
ri

n
g

 (
a

.u
.)

Energy (eV)

1 2 3 4 5 6 7
0.0

0.1

0.2

0.3

 

P
e

a
k 

sh
ift

 (
e

V
)

ε
substrate

0.0 0.5 1.0
0.0

0.1

0.2

0.3

0.4

0.5

 P
e

a
k 

sh
ift

 (
e

V
)

r
1 
/ r

2

(c) (d)

(a) (b)

1.3 1.5 1.7 1.9

S
ca

tte
ri

n
g

 (
a

.u
.)

 

Energy (eV)
1.3 1.5 1.7 1.9

 S
ca

tte
ri

n
g

 (
a

.u
.)

Energy (eV)



 
71 

 
Based on this analysis, substrate-induced plasmon mode splitting should be most 

dramatic for solid Au nanospheres on ZnSe. This large shift, which clearly shows the 

existence of two plasmon modes in the p-polarized spectrum, is shown in Figure 4.4. The 

large split in energy between the perpendicular and parallel modes (δE = 0.47±0.04 eV) 

results in a visible, polarization-dependent change in color (Figure 4.4). Similarly large 

spectral shifts, and donut-shaped images associated with the p-polarized image, have 

been reported for Au colloid over a gold film.44 

 

Figure 4.4 | Comparison of experimental (left column) and calculated (right column) 
spectra for 154 nm diameter Au colloid on ZnSe (n = 2.67). Incident light was either p-
polarized (blue) or s-polarized (black) and incident at 79°. Insets show optical images of 
the particle for s- and p-polarized light. Theoretical curve is for a 154 nm diameter 
colloid 1 nm above the substrate using polarized light incident at 79°. The red curve is 
Mie theory in an isotropic medium (air).  

4.5. Conclusions 

In conclusion, we have shown that the presence of a dielectric substrate beneath 

an individual plasmonic nanoparticle can strongly influence its plasmon modes, causing 

the dipolar peak to split into two modes for incident p-polarized, or unpolarized, light. 
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This splitting varies linearly and increases with increasing substrate permittivity, and is 

strongest for solid Au nanospheres. The presence of two plasmon modes due to the 

symmetry breaking influence of the substrate could be easily misinterpreted as a 

broadening of the plasmon linewidth.  This effect is of general importance, and needs to 

be considered in designing experimental probes, and in analyzing and interpreting data, 

of the spectra of individual plasmonic nanoparticles and nanostructures. 
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Chapter 5 

Influence of Excitation and Collection 
Geometry on the Dark Field Spectra of 

Individual Plasmonic Nanostructures 

Darkfield microspectroscopy requires the use of one (or more) microscope 

objectives. These objectives, while not part of the nanoscale system under study, 

nevertheless can exert a significant influence on the final spectrum. Depending on 

the details of the objective and the nanosystem under study, the relative mode 

amplitudes may shift significantly. This is the result of the objective setting both 

the excitation k-vector, which determines which modes may be excited, and the 

collection angle. This chapter describes these effects by using a nanoshell 

supported on a high index dielectric as a model system.65 
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5.1. Introduction  

Nanoscale metallic structures, particles, and complexes interact strongly with 

light due to their collective electronic resonances, known as surface plasmons.3, 66-68 To 

study this class of systems requires methods that can probe the interaction between light 

and nanoscale structures with sufficient accuracy and detail to facilitate direct 

comparison between experimental data and theoretical models.57, 69 As plasmonic 

nanostructures of increasing complexity are developed, some quite possibly with optical 

features beyond the classical electromagnetic limit,70-71  the need for experimental tools 

to probe these systems accurately becomes critically important. Dark field 

microspectroscopy of individual nanostructures, where scattered light from an individual 

nanoparticle or nanocomplex is detected with spectral discrimination, currently provides 

a highly useful method to study, in detail, the plasmon modes of these systems.69, 72-76 

In dark field microspectroscopy, the scattered field emitted into the angular cone 

of the detection optics is frequently assumed to be representative of the total scattered 

field of the nanoscale complex. However, some plasmon modes may not radiate 

efficiently into the collection solid angle. This can result in significant deviations 

between the experimentally measured spectrum and theoretically calculated plasmon 

modes. The presence of a substrate may further alter the angular distribution of the 

scattered light from a nanoscale plasmonic system, in a mode-dependent manner.  

In this chapter, we examine the role of the collection and excitation optics in the 

detection of plasmon modes from an individual plasmonic nanoparticle supported on a 

substrate.  The system studied is a single Au nanoshell deposited on a substrate with a 
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high dielectric constant (ZnSe). Previous studies have shown that the dielectric properties 

of a substrate can influence the properties of individual plasmonic nanoparticles 

supported on their surfaces quite significantly.42, 49, 51-52, 77-78 Here we observe that several 

factors contribute to the relative amplitudes of the observed plasmon modes in the 

experimental spectrum:  excitation angle of incident light, the numerical aperture (NA) of 

the collection optics, even small, local irregularities at the nanoparticle-substrate 

interface. These effects are generally applicable to the observation and characterization of 

the plasmon modes of metallic nanostructures, whether fabricated lithographically or by 

chemical means, and apply quite generally to the observations of plasmon modes of 

individual nanostructures or nanoparticles.   

5.2. Methodology 

5.2.1. Experimental sample preparation and measurements 

Au nanoshells, spherical nanoparticles consisting of a dielectric core coated with a 

thin metallic shell, were synthesized as previously reported.55-56 The silica cores, obtained 

from Precision Colloid Inc., were measured to have an average radius of 62±5 nm using 

transmission electron microscopy (TEM). Nanoshells of dimensions [r1, r2]=[62, 95] nm, 

where r1 corresponds to the core radius and r2 corresponds to the total nanoshell radius, 

were fabricated. Polished ZnSe substrates were purchased from II-VI Infrared Inc. and 

patterned with gold markers structures to facilitate easy identification of specific 

individual particles for spectral and structural measurements of specific individual 
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particles. Samples were prepared by drop-casting a dilute solution of nanoparticles, 

suspended in ethanol, onto the ZnSe substrate. 

 

Figure 5.1 | Schematic of the nanoshell-substrate geometry. A dark-field objective 
collects light scattered by the nanoparticle, here an isolated Au-Silica nanoshell, 
separated from a dielectric substrate by a distance D, where D < 0 corresponds to a facet 
on the nanoparticle. Radiation cones corresponding to the numerical aperture of four 
common objectives are shown (NA = 0.42, 0.65, 0.90, and 1.00). Experimentally, the 
dark field geometry allows excitation over a narrow range of k vectors incident at an 

angle θ  onto the substrate; in simulations the illumination is modeled as a 
monochromatic plane wave using the Fresnel equations to account for the presence of the 
substrate. 

Single particle scattering spectroscopy was performed using a custom-built dark 

field microspectroscopy apparatus that allowed independent selection of the collection 

N.A. and excitation angle. Briefly, a halogen white light source was polarized with a 

broadband polarization cube, then focused onto the substrate at a particular incidence 

angle of θ = 12° or 35° (Figure 5.1). Scattered light was collected using a Mitutoyo 50x 

IR-corrected objective with either NA = 0.42 or 0.65, dispersed in a Jobin Yvon grating 

spectrograph, and detected using a silicon CCD array detector.  The light was imaged 

onto a pinhole to select scattering from a single nanoshell and suppress unwanted 

scattering from nearby, adjacent nanoparticles.  The broadband spectral background was 

suppressed by subtracting the scattered light from a region of the substrate near the 
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nanoshell from the raw particle spectrum. The final spectrum was corrected for the 

spectral efficiency of the entire microspectrometer by normalization with the scattering 

spectrum of a teflon white standard.  Following optical characterization, the samples were 

coated with a ~5-10 nm thick PdPt film and imaged using a scanning electron microscope 

(SEM), where the nanoshells were identified using the gold marker pattern.  

 

5.2.2. Single nanoparticle spectra: simulations 

Spectra for a nanoshell supported on a dielectric substrate were calculated 

numerically using a commercially available FEM package (COMSOL Multiphysics 3.5, 

RF module). The nanoshell was modeled as two concentric spheres of radii r1 and r2 

inside a spherical simulation space surrounded by perfectly matched layers (PMLs) and 

scattering boundary conditions to absorb scattered light. The refractive index of silica 

was used for the core (n = 1.42), with the shell layer of the nanoparticle defined using the 

empirically determined bulk dielectric function of gold.16  

The air/substrate boundary was defined as a plane offset from the particle origin 

by (r2+D), where the distance D (Figure 5.1) allows for either a gap between the particle 

and the substrate (D > 0), or the introduction of a flat ‘facet’ on the nanoparticle (D < 0). 

The substrate, in this work, was simulated using a constant refractive index of n = 2.6 to 

simplify interpretation of the results. The real dielectric function of ZnSe varies across 

the visible and NIR regions of the spectrum; however, for this system, spectra calculated 

using an empirical dielectric function for ZnSe62 were extremely similar to calculations 

performed with a substrate with a constant dielectric. The similarity between these two 
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approaches arises from the relatively small deviations in the magnitude of the screening 

charges induced on the dielectric surface as a function of wavelength. These charges are 

equivalent to an image of the induced charge on the nanoparticle reduced by a factor of 

(ε-1)/(ε+1),66  a factor which does not vary significantly across the visible region of the 

spectrum for ZnSe.  

The geometry, consisting of a single solitary particle adjacent to a substrate, is 

cylindrically symmetric. However, under plane wave excitation, the full electromagnetic 

solution has only a single mirror symmetry plane, defined by the k vector and the 

substrate normal. This symmetry plane was exploited in the simulations by specifying a 

boundary bisecting the simulation space and parallel to the k vector, and using either 

perfect electric conductor (PEC) or perfect magnetic conductor (PMC) boundary 

conditions for S and P polarized light, respectively. The use of symmetry reduced the 

number of degrees of freedom by half, to ~150k - 300k. The finite collection angle 

associated with a given numerical aperture was included in the simulation by integrating 

the far-field scattering only over a semispherical boundary with an opening half angle of 

sin-1(NA)/nair (Figure 5.1). The near-to-far field transform was performed using the 

Stratton-Chu formula.63 More complex factors arising from the use of high numerical 

aperture objectives were neglected, such as apodization effects where collection 

efficiency can vary as a function of the angle of incidence and polarization of scattered 

light.79 

The particle was excited using a field satisfying the Fresnel equations for a plane 

wave incident at an angle θ above the substrate. This field definition, in the scattered field 
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formulation, results in extremely low scattered field intensities far from the particle and 

allows a good approximation of an infinite substrate. In the case of an air (n = 1) substrate 

and a large numerical aperture, this approach yields normalized spectra identical to those 

calculated analytically using Mie theory.   

5.3. Influence of numerical aperture and angle of excitation 

5.3.1. Experimental spectra of nanoshells on a ZnSe substrate 

Experimental spectra for nanoshells deposited on a ZnSe substrate exhibit two 

strong modes when excited with S-polarized light, along with a weaker, more redshifted 

mode for P-polarized excitation.42 Briefly, a small nanoshell in a homogeneous medium 

has a single dipole resonance, since higher order resonances cannot be excited in the 

dipole limit. Finite size effects can allow higher order multipolar modes to be weakly 

excited, although the quadrupole plasmon appears only very weakly in the scattering 

spectrum even for a particle approaching 200 nm in diameter. When this particle is 

located adjacent to a substrate, the substrate reduces the symmetry of the system and lifts 

the threefold mode degeneracy associated with a symmetric particle in a uniform 3D 

medium. This effect can be understood using a simple image dipole picture, where the 

induced charge on the particle interacts with the induced image charges in the substrate. 

This reduction in symmetry results in hybridization between plasmon modes of different 

orders, leading to significantly redshifted mode energies and enhanced optical excitation 

of the quadrupolar plasmon mode. The dipolar mode splits into two separate modes, each 

associated with either a transverse or axial polarization of the electromagnetic field. 
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Figure 5.2 | Experimental spectra for an [r1, r2] ~ [62, 95] nm nanoshell showing 
scattering spectra for P-polarized (red) and S-polarized (blue) incident light for two 

different objectives (NA = 0.42 and 0.65) and an excitation angle θ = 12°. Spectra for an 

excitation angle of θ = 35° are also shown for a collection NA = 0.42 (black). Inset shows 
an SEM image of the nanoparticle corresponding to these spectra.  

When investigating the properties of this system with darkfield microscopy, the 

numerical aperture of the objective has a strong effect on the amplitudes of the observed 

plasmon modes. This is shown in Figure 5.2, where the P-polarized spectra (left) and S-

polarized spectra (right) of the same individual nanoparticle are shown, for detection 

optics with two different numerical apertures. For P-polarized excitation, the amplitude 

of the quadrupolar mode (λ = 600 nm) decreases with increasing numerical aperture, 

relative to the dominant transverse dipolar mode (λ = 750 nm). The magnitude of this 

change is sensitive to local geometry of the particle and substrate. For some 

nanoparticles, a weak axial dipolar mode also becomes visible as a long wavelength 

shoulder at nominally 900 nm in the spectrum for the 0.65 NA objective. In contrast, for 
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spectra obtained using S-polarized light, the peak amplitudes exhibit negligible variation 

due to changes in numerical aperture. 

The amplitudes of the plasmon modes are also sensitive to excitation angle. When 

the same particle is excited with a higher incidence angle, θ = 35° rather than 12°, the 

spectrum for P-polarized light changes significantly (Figure 5.2, black line). The spectral 

features become more resolved, and the transverse dipolar mode increases relative to the 

quadrupolar mode amplitude. For spectra obtained using S-polarized light, the peak 

amplitudes exhibit only very small changes as the excitation angle is varied. 

While the spectra in Figure 5.2 are normalized for clarity, changing the numerical 

aperture of the objective strongly affects the absolute intensity of the collected light. For 

example, substituting a 0.65 NA objective for a 0.42 NA objective more than doubles the 

absolute amplitude of the measured spectrum. (The higher noise levels for spectra 

collected with the 0.42 NA objective are evident in Figure 5.2 above 850 nm in 

wavelength. Increasing the integration time on the CCD can partially compensate for the 

reduced signal associated with low NA objectives.) 

Dark field measurements of faceted colloid with similar diameters to the 

nanoshells used here were performed with nearly identical results, as expected for 

nanoshells with thick shell layers, where plasmon hybridization affects the spectra only 

minimally.64 
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5.3.2. Influence of nanoparticle-substrate geometry  

In Figure 5.3, simulations of the dark field spectroscopy of an individual 

nanoshell on a dielectric substrate with the same properties as our experimental system 

are shown. In this series of spectra, changes in the optical spectrum over a full range of 

NA values are investigated.  

Independent of variations in numerical aperture, we observe a remarkably high 

sensitivity in the spectra depending on the local geometry of the nanoparticle at the 

nanoparticle-substrate interface. Spectra obtained for a spherical nanoparticle on a planar 

dielectric substrate (Figure 5.3, left) do not resemble, even qualitatively, the spectra of 

our system (Figure 5.2). However, by introducing a very small degree of nanoparticle 

flattening (D = -3 nm) at the nanoparticle-ZnSe substrate interface, we obtain very good 

agreement between simulated spectra (Figure 5.3, right) and the observed experimental 

spectra (Figure 5.2). Such a small deformation, less than a 2% deviation in nanoparticle 

diameter, may easily result from faceting of the multicrystalline shell layer of the 

nanoparticle (Figure 5.2, inset). A similar series of spectra are obtained for a spherical 

nanoparticle on a dielectric substrate with a small equivalent (3 nm) indentation. The 

presence of a nanometer scale facet or depression at the nanoparticle-substrate interface 

induces a redshifting of the transverse dipolar mode, and an increase in the quadrupole 

mode amplitude from a weak spectral shoulder to the dominant peak in the spectrum. 

Also, the axial dipolar mode at 850 nm strengthens significantly. In general, the spectra 

are highly sensitive to the depth of this facet or deformation, which suggests that 

nanoparticle-to-nanoparticle variability in the scattering spectrum may be due to these 
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small structural variations. Interparticle spectral variation may be minimized by 

introducing an index-matching oil to reduce the effect of the interface.75 

 

Figure 5.3 | Simulated spectra showing NA dependence for an [r1, r2] = [62, 95] nm 

nanoshell supported by a dielectric substrate (n = 2.6) for θ = 12° and polarization either 
perpendicular (P, red) or parallel (S, blue) to the substrate. The sensitive spectral 
dependence on gap geometry is illustrated with a nanoshell (a) separated from the 
substrate by a 3 nm gap, with Mie theory for the same nanoshell in air (gray) , and (b) 
with a 3 nm facet (D = -3 nm) in contact with the substrate. (i) quadrupolar mode at 565 
nm, (ii) transverse dipolar mode at 695 nm, and (iii) axial dipolar mode at 900 nm in 

wavelength. For NA = 0.42, excitation with θ = 35° is also shown (black lines). Spectra 
are normalized and offset for clarity. 
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5.3.3. Influence of numerical aperture on scattering spectra 

The numerical aperture of the collection objective can significantly modify the 

mode amplitudes of the experimentally observed spectrum. In Figure 5.3, a series of 

spectra show the amplitude of the axial dipolar mode (λ = 900 nm) steadily increasing 

with increasing numerical aperture for P-polarized excitation, with the quadrupolar (λ = 

565 nm) and transverse dipolar (λ = 695 nm) peaks becoming increasingly spectrally 

resolved. This same increase in numerical aperture induces a negligible effect on the S-

polarized spectrum. 

These trends arise from the radiation pattern associated with each plasmon mode. 

In Figure 5.4, we examine the angular scattering distribution of each mode, within the 

solid collection angles corresponding to each numerical aperture studied. For P-polarized 

light, the quadrupolar mode at 565 nm and the transverse dipolar mode at 695 nm both 

scatter light vertically toward the objective, while the axial dipolar mode at 900 nm 

radiates at a small angle above the substrate (Figure 5.4a). Low NA objectives do not 

capture the scattered radiation from the axial dipolar mode, resulting in the absence of 

this mode in low NA spectra when that mode is excited. For S-polarized excitation 

(Figure 5.4b), the apparent insensitivity to objective NA results from the quadrupolar 

(565 nm) and transverse dipolar (695 nm) modes radiating toward the objective in an 

extremely similar manner. For this polarization, increasing the numerical aperture 

increases the overall amplitude of the spectrum, but does not significantly modify the 

relative peak heights of the spectra.  
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Figure 5.4 | Scattering spectra and radiation patterns for a [r1, r2] = [62, 95] nm nanoshell 
with a 3 nm facet supported on a substrate (n = 2.6) and either (a) P-polarized or (b) S-
polarized excitation. Radiation diagrams show the far-field radiation on a hemispherical 
surface centered on the nanoparticle (normalized for clarity), with horizontal lines 
indicating the lower integration boundary for each simulated NA. 

5.4. Influence of excitation angle on simulated spectra 

The relative intensities of the plasmon modes in the scattering spectra also exhibit 

a sensitive dependence on excitation angle (Figure 5.2). This dependence is examined in 

a series of simulations of single nanoparticle spectra for an excitation angle θ = 5° to 55°, 

where the numerical aperture of the collection optics is maintained at a constant value 

(Figure 5.5). 

The scattered light spectrum for P-polarized excitation depends critically on 

excitation angle. The axial dipolar mode is strongly excited only at low angles of 

incidence. Even when excited, however, this mode only appears in the spectra when large 

NA objectives are used in the collection optics (Figure 5.5a). The quadrupole mode also 

shows a significant change in peak amplitude as the excitation angle is changed; this 

behavior was observed experimentally (Figure 5.2). In our series of simulations, we 

observe that the range of excitation angles where the quadrupole mode is smallest occurs 
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in the vicinity of Brewster’s angle (θ = 21°), where reflections from the substrate are 

minimal and the particle is therefore excited with a more homogeneous field. We find 

that this behavior occurs for both small and large NA in P polarization (Figure 5.5a).  

In the case of S polarized excitation, the amplitude of the transverse dipolar mode 

gradually increases relative to the quadrupolar mode with increasing excitation angle 

(Figure 5.5b). Only spectra for one NA (0.42) are shown for S-polarization, since 

changing the numerical aperture of the objective did not result in significant 

modifications of the peak amplitudes (Figure 5.3). For larger excitation angles, the 

quadrupolar mode recovers and, as required by symmetry, the S- and P-polarized spectra 

begin to converge. 
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Figure 5.5 | Simulated spectra for a [62, 95] nm nanoshell with D = -3 nm showing the 
effect of incidence angle for (a) P-polarized light for NA = 0.42 and 1.00 and (b) S-
polarized light for NA = 0.42. Spectra are normalized for clarity. 

5.5. Conclusions 

Experimental scattering spectra of individual plasmonic nanostructures depend 

sensitively on excitation and collection angles, and may not be equivalent to a complete 

spectrum including all scattered light. We have shown here, both experimentally and in 

simulations, that the numerical aperture of the collection objective significantly affects 

the spectra of a supported nanoshell, where the interaction with the dielectric substrate 

gives rise to multimode behavior. More generally, a restricted collection angle can 

influence the spectra of all complex plasmonic structures, even in homogeneous media, 
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due to an unequal sampling of radiation from multiple modes.69 As a result, even spectra 

collected using immersion oil may be modified by the limited collection angle of the 

objective. 

With the increasing technological significance of nanoscale plasmonic structures, 

and the corresponding importance of accurate single structure characterization, 

understanding the effects of excitation and collection optics on the dark field spectra of 

these systems becomes increasingly important. However, while spectral peak amplitudes 

may be sensitive to experimental geometry, the mode energies themselves are an intrinsic 

property of the nanoscale system. Given an objective capable of sampling scattered light 

from all modes of interest, dark field microscopy offers a robust method for probing the 

plasmonic properties of individual nanostructures. 
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Chapter 6 

Photodetection with  
Active Optical Antennas 

This chapter introduces the concept of a nanoantenna-diode, where a single 

plasmonic resonator serves both as an optical harvesting element and a electron-

harvesting diode. These devices are based on the generation of energetic, bound 

electrons that, based on a Fermi-Dirac distribution, can be considered ‘hot’. The 

nonequilibrium ‘hot’ electrons that result from plasmonic decay are shown to 

carry the polarization- and wavelength-dependent signatures of the original 

plasmon.80 

6.1. Introduction 

Optical antennas are key elements in the conversion of light from free space to 

ultrasmall, nanometer scale volumes.  The intense light-focusing properties of these 

structures are due to surface plasmons, oscillations of free electrons in metals that couple 
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to the incident light field.  A wide range of applications, in sensing, subwavelength and 

nonlinear optics, even novel medical therapies, have arisen for nanoantennas, exploiting 

the large local electromagnetic fields and intense heating they provide.3, 81-82  For 

example, there has been growing recent interest in the use of plasmonic antennas to 

enhance the performance of photoactive devices, such as solar cells, light-emitting diodes 

and photodetectors.5, 83-86  This is typically pursued by placing an antenna or antennas on 

or in close proximity to the active region of a device, where the near field of the plasmon, 

the scattering cross section, and the tailored photon density of states may all act to modify 

and enhance device characteristics. 

Another important property of optical antennas is their propensity for generating 

energetic or “hot” electron-hole pairs by plasmon decay.87-93  Light not redirected by the 

antenna is absorbed, exciting the plasmon, which then decays by exciting an energetic 

electron-hole pair. This process is an additional contribution to plasmon damping, 

broadening the intrinsic linewidth, and is typically considered deleterious to antenna 

performance.  While this process of hot electron generation has been shown to participate 

in photochemical reactions at noble metal nanoparticle surfaces,4, 94-97 it has remained 

largely unexploited in solid state devices.  

We report an active optical antenna device that utilizes the hot electron-hole pairs 

from plasmon decay to directly generate a photocurrent, resulting in the detection of light 

(Figure 6.1).  This is accomplished by a nanoantenna fabricated on a semiconductor 

surface where a metal-semiconductor, or Schottky, barrier is formed at the antenna-

semiconductor interface. When this type of antenna is photoexcited it generates electron-

hole pairs, 87-90 and injects hot electrons into the semiconductor over the Schottky barrier, 
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contributing to a detectable photocurrent (Figure 6.1a). In this configuration photocurrent 

generation is no longer limited to photon energies above the bandgap of the 

semiconductor, but rather to photon energies above the Schottky barrier height.98 

Therefore this device is capable of detecting light well below the bandgap of the 

semiconductor at room temperature and without a bias voltage. 

 

Figure 6.1 | An optical antenna-diode for photodetection. (a) Band diagram for 
plasmonically driven internal photoemission over a  nanoantenna-semiconductor 

Schottky barrier (φB). (b) Representation of a single Au resonant antenna on an n-type 
silicon substrate. (c) Scanning electron micrograph of a representative device array prior 
to ITO coating, imaged at a 65° tilt angle.  

6.2. Experimental methods  

Our initial realization of active optical antenna-diode photodetection consists of 

an array of independent, rectangular gold nanorods (Figure 6.1b). Nanorods support both 

longitudinal and transverse plasmon resonances, with the frequency of these resonances 

determined by the nanorod geometry: increasing the nanorod aspect ratio tunes the 

longitudinal resonance to respond at longer wavelengths. The resonators studied here had 
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heights and widths of 30 and 50 nm, respectively, and lengths ranging from 110 to 158 

nm.  Each device array consisted of 300 devices arranged in a 15x20 array with a 250 nm 

interantenna spacing in both the longitudinal and transverse directions, sufficient to 

ensure that near-field interantenna coupling is absent.  The structure is surrounded by an 

insulating SiO2 region (Figure 6.1c), then subsequently electrically connected through a 

top transparent electrode of indium tin oxide (ITO). 

These devices were fabricated on lightly doped (1-10 Ω-cm) n-type silicon with 

30 nm of thermal oxide.  Patterning was done with electron beam lithography using ~70 

nm thick PMMA resist (950 wt).  Immediately prior to evaporation the patterned 

substrate was exposed to a 1:10 buffered oxide etch (BOE) solution to open small 

windows in the SiO2 layer directly under each resonator and to allow intimate contact 

between the metal and the semiconductor.  The metal stack comprising the nanorods was 

formed by electron beam evaporation of 1 nm of Ti covered by 30 nm of Au, followed by 

liftoff in acetone (Figure 6.1c). Ohmic contacts were made by sputtering of a nominal 50 

nm thick layer of transparent, conductive indium tin oxide (ITO) onto the top surface of 

the device array, and soldering an indium-tin blend to bare silicon on the back side of the 

sample. 

Photocurrent measurements were taken using a custom-designed scanning 

photocurrent microscope with lock-in detection.  Optical excitation with frequency and 

polarization control was implemented using a broadband Fianium laser equipped with an 

acousto-optic tunable filter and bandwidth-matched polarization optics. This system 
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allowed both photocurrent imaging of a device array (or arrays) at a single frequency and 

polarization, and the measurement of responsivity spectra for individual devices.  

 

6.3. Photocurrent observations 

The photocurrent obtained from these devices is determined directly by the 

antenna properties.  The photocurrent shows a strong wavelength dependence resulting 

from the rod geometry, with maximum currents increasing in wavelength with increasing 

antenna length (Figure 6.2a).  The spectral response directly follows the longitudinal 

dipole resonance of the plasmon mode excited on the structure.  The photocurrent also 

follows that of the nanoantennas with a highly polarization-dependent response (Figure 

6.2b, green points) obeying a cos2θ angular dependence characteristic of a dipole antenna 

(grey line). For light polarized along the short (transverse) rod axis we observe >90% 

attenuation of the photocurrent with respect to the longitudinal polarization.  Incident 

power variation at a single wavelength results in a linear response of the photocurrent, 

suggesting that the photocurrent is dominated by the conversion of single photons to 

single hot electrons over this range of incident light intensities (Figure 6.2c).87-91  
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Figure 6.2 | (a) Experimental photocurrent responsivity for nine different Au antenna 
lengths: 110, 116, 122, 128, 134, 140, 146, 152, and 158 nm (points).  Solid lines:  

Eqation 6.2 fit to the data for  φB=0.5 eV. All nanoantennas are 50 nm wide with 30 nm 
thickness.  (b) Polarization dependence of photocurrent for a 140x50 nm antenna excited 

at λ=1500 nm (green points), exhibiting a cos2θ angular dependence (gray line). (c) 
Photocurrent for a representative antenna as a function of input power (green points).  (d) 
Photocurrent spectra extracted from the responsivity spectra (a) (points) fit with 
Lorentzian curves (solid lines) and (e) corresponding calculated absorption spectra. 
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6.4. Device responsivities 

The responsivity of this device can be understood by first considering a Schottky 

diode in the absence of a plasmon resonance, where the responsivity depends only on the 

energy-dependent internal photoemission probability. This quantum transmission 

probability ηi can be approximated by the modified Fowler theory,24, 26 which describes 

the number of ‘available’ electrons in the system with sufficient energy to overcome the 

potential barrier:  

      
ν

φνη
h

qh
C B

Fi

2)( −≈      ,                        (6.1) 

Here, CF is the device-specific Fowler emission coefficient,24  hν is the photon energy, 

and qφB is the Schottky barrier energy. Fitting the responsivity curve of a planar Schottky 

device with this equation allows one to extract the material-dependent Schottky barrier 

height for a given metal/semiconductor interface. 

When the Schottky barrier is formed by a plasmon resonant antenna rather than a 

continuous film, the device responsivity R will show a Fowler response modified by the 

plasmon absorption spectrum S: 

)()( νην SR i=      ,                        (6.2) 

With this extended Fowler relation, we may extract the Schottky barrier height for 

devices with a known plasmon lineshape. In general, S(ν) will depend on multiple 
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factors, including the geometry, composition, and size of the plasmonic devices.  In the 

quasi-static regime, where the plasmonic particles are significantly smaller than the 

wavelength of light, the optical response will be dipolar and exhibit a Lorentzian 

lineshape near the resonance frequency.67  Fitting the experimental responsivities (Figure 

6.2a) with Eq. 6.2, using a Lorentzian lineshape for S(ν), yields a Schottky barrier height 

of 0.50 eV.  From this analysis we find that the barrier height is determined primarily by 

the 1 nm Ti adhesion layer and is consistent with Ti/Si Schottky barrier devices 99. This 

low barrier height should permit a detection window covering the entire short-wave 

infrared (SWIR) spectral range (λ = 1.2 to 2.5 μm).  

Conversely, with a known Schottky barrier height, the absorption spectrum of an 

antenna diode of arbitrary geometry can be extracted from the spectral dependence of the 

responsivity.  For our system, the experimental absorption spectra extracted from the 

overall responsivity (Figure 6.2c) using a barrier height of 0.50 eV are shown in Figure 

6.2d.  These experimental spectra exhibit extremely close agreement with calculated 

absorption spectra (Figure 6.2e); both spectral sequences exhibit similar peak locations 

for nominally identical geometries, exhibiting a linear redshift with increasing aspect 

ratio characteristic of nanorods.100-101  This agreement is particularly significant since the 

finite difference time domain (FDTD) simulations (Figure 6.2e) included no adjustable 

parameters; all calculations were performed with experimental dimensions and literature 

values for the optical constants of materials (Si, SiO2, Au, Ti, ITO).16, 102-103  This 

agreement also shows that although the nanoantennas are configured in an array, their 

response is that of individual, independent nanoantennas and is consistent with the 
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collected photocurrent being generated by hot carriers injected by each discrete nanoscale 

device. 

6.5. Nanoscale spectrometers 

When photocurrent measurements are performed on multiple antenna arrays, each 

with a different resonant frequency, these devices can function as tiny, on-chip 

spectrometers. This spectroscopic functionality is due to the relationship between 

photocurrent amplitude and the amplitude of the plasmon resonance at a given frequency. 

Each antenna array will generate a photocurrent maximum when driven on resonance, 

with decreasing photocurrent for antennas with a plasmon resonance detuned from the 

excitation frequency (Figure 6.3). The proportionality between photocurrent and relative 

nanorod resonance amplitudes, expressed in Eq. 6.2, shows that, at a fixed frequency 

where ηi is nearly constant, the spectral amplitude is directly proportional to device 

responsivity. Responsivity curves collected using the nine different antenna lengths 

presented in Figure 6.2 are shown in Figure 6.3, which illustrates the remarkable 

agreement between experimental responsivity as a function of antenna resonant 

frequency and optical absorption amplitudes calculated using the FDTD method. This 

spectral sensitivity can be used to determine the wavelength of incident light. 
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Figure 6.3 | Sensing the wavelength of incident light. (a) Relative photocurrent 
amplitudes at fixed wavelengths for the nine resonator lengths in Figure 6.2. The color 
coding of the points are the same as in Figure 6.2. Insets: raw photocurrent images 
(normalized) for each device array. (b) Calculated absorption amplitudes for devices that 
are nominally identical to the experimental system. 

6.6. Quantum efficiency 

The overall quantum efficiency of nanoantenna-diodes depends on the properties 

of their constituent materials and the specifics of their device geometry, how these factors 

affect hot electron generation, and the probability that the hot electrons generated will 

contribute to the photocurrent.  Factors influencing the efficiency of hot electron 

production include the antenna geometry, the electronic structure of the metal(s) 
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comprising the antenna, and the transmission efficiency of light through the uppermost 

ITO electrical contact layer.  The efficiency of converting hot electrons to photocurrent is 

affected by the Schottky barrier height, the circuit resistance, and other device-specific 

parameters. For a device where these factors are known, Eq. 6.2 permits the direct 

conversion of experimental photocurrent to absolute absorption cross section. 

While the devices presented here enable us to investigate hot electron generation 

by plasmonic antennas, further optimization can significantly increase their quantum 

efficiency (currently 0.01% of photons absorbed by each nanoantenna are converted into 

photocurrent). The role of the titanium layer appears to be quite critical: numerical 

simulations we have performed indicate that the 1 nm layer is responsible for producing 

nominally 33% of the hot electrons, which would increase to over 50% for a 5 nm 

thickness.  Further experimental studies have indicated that reducing extraneous Ti 

oxidation during the fabrication process, improving Ohmic contacts, and increasing the 

conductivity of the uppermost ITO layer, can collectively increase device efficiency by 

more than an order of magnitude. In addition, a 1V reverse bias increases the 

photocurrent by a factor of 20.  Together, these improvements boost the quantum yield to 

nearly 1% over the spectral range of the device.  A thin dopant layer could also boost 

efficiency, increase responsivity and expand the spectral response of the devices by 

reducing the Schottky barrier height. Applying antireflection coatings or multipass 

geometries may further increase quantum yield. 
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6.7. Conclusions 

The range of potential applications of this device concept is extremely diverse.  

As a silicon-based detector capable of detecting sub-bandgap photons, one could foresee 

widespread use of this device in on-chip silicon photonics, ultimately eliminating the 

need to integrate additional semiconductor materials as detectors into chip designs, which 

would lower fabrication costs. The photodetection mechanism is compatible with 

existing, above-bandgap photodetectors, which when combined could greatly extend the 

spectral range of silicon light-harvesting devices, such as silicon-based solar cells, into 

the infrared region of the spectrum.  The broad infrared sensitivity of these devices could 

enable low-cost, silicon infrared imaging detectors that may replace the current, costly 

InGaAs detectors in this same spectral range.104 Antenna-diodes also offer new functional 

aspects of photodetection not previously realized.  By exploiting nanoantennas as a direct 

light-harvesting-and-carrier-generation element, both polarization- and wavelength- 

selective detectors can be realized without additional, add-on optical components. These 

devices may find particular application where wavelength or polarization-specific 

information is of interest.  We believe this new mechanism of photodetection may give 

rise to additional, currently unforeseen applications in photosensing, energy harvesting, 

imaging and light detection technologies. 
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Chapter 7 

Embedding Plasmonic Nanostructure 
Diodes Enhances Hot Electron Emission 

First-generation nano-antenna diodes exhibited a relatively low responsivity, 

which can be attributed to a momentum mismatch between the ‘hot’ electrons and 

the planar Schottky interface. This chapter demonstrates that a significant 

increase in responsivity results when a 3D Schottky interface is introduced, in 

contrast with the standard 2D planer interface. Simple geometric enhancements 

resulting from an increase in the Schottky contact area cannot explain the 

measurements. Instead, the enhancement is hypothesized to be the result of an 

increased fraction of hot electrons traversing the metal-semiconductor interface 

due to ballistic propagation parallel with the interface normal vector.105 
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7.1. Introduction 

The new concept of plasmon-based optoelectronics, exploiting combinations of 

electrical transport properties and optically-excited coherent electron oscillations known 

as plasmons, is rapidly giving rise to a new generation of electrically active optical 

elements and devices.106 This new class of devices already includes tunable infrared 

photodetectors,80, 107-108 CMOS-compatible on-chip sensors,109-110 and broadband solar 

cells,5, 111-112 many of which rely on harvesting the energetic (‘hot’) electrons generated 

by plasmon decay. Following optical excitation, a plasmon mode can undergo either 

radiative (scattering) or nonradiative decay (absorption).  When a plasmon decays 

nonradiatively, the energy of a plasmon quantum is initially transferred to a single, hot 

electron-hole pair.88, 113 For an isolated plasmonic nanostructure, the hot electron will 

rapidly thermalize with the surrounding electron gas.89-90 However, when a hot electron 

of sufficient momentum is generated in a metallic nanostructure in direct contact with a 

semiconductor where an interface potential, known as a Schottky barrier, has been 

established, the electron may have sufficient momentum to traverse this barrier (Figure 

7.1a).  In a plasmonic nanostructure-diode, the hot electrons originating within the 

optically excited metallic nanostructure can contribute to the semiconductor photocurrent, 

and be replenished, when the nanostructure is included within an electrical circuit. This 

effect can induce significant photocurrent at photon energies below the bandgap of the 

semiconductor yet above the Schottky barrier, where the latter can be controlled by 

selection of the specific metal and semiconductor constituents of the interface.  Silicon 

photodetectors based on plasmonically driven hot electron flow have been demonstrated 

using nanoantennas,80, 114-115 strip waveguides,107-110 and nanostructured metallic films.111, 
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116 TiO2-based devices have been used to demonstrate hot electron photoconversion 

through the visible spectrum.111  

 

Figure 7.1 | Plasmon-induced hot electron production for embedded nanostructures. (a) 
Transport over a Schottky barrier begins when plasmon decay generates a hot electron in 
the metal that undergoes ballistic transport to the interface. An electron with sufficient 
momentum can transfer into the semiconductor, where it relaxes into the conduction 
band.  (b) planar devices support electron transport only through the bottom interface, 
while (c) fully embedded devices support electron transport through all three Schottky 
interfaces. Electrons can only emit across the Schottky junction when their k-vector lies 

inside the emission cone, and their energy exceeds the barrier height (qφB). 

Schottky barrier detectors are traditionally based on a planar metal-semiconductor 

interface, where the metal film or structure is deposited onto the semiconductor as the 
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device is fabricated. While this geometry is most straightforward to fabricate, it allows 

electrons to emit over the potential barrier only when they fall within a specific cone in 

momentum space (k-space), corresponding to emission directly into the semiconductor 

(Figure 7.1b).26, 98  For these electrons, the internal quantum transmission probability (ηi) 

can be approximated using the modified Fowler equation:24, 26 

≈ ( ) 	     ,    (7.1) 

where CF is a coefficient that depends on device-specific details, qφB is the Schottky 

barrier energy, and hν is the energy of the incident photon.  For excitation of the surface 

plasmon by a normal incidence electromagnetic field, injection over this Schottky barrier 

would require a change in momentum for the coherent electrons of the optically excited 

plasmon.  One approach to overcoming this restriction and increasing conversion 

efficiencies is to embed the plasmonic structure within the semiconductor (Figure 

7.1c).117-118 Embedding would essentially form a 3D Schottky barrier on the vertical sides 

of the plasmonic element, in addition to the planar Schottky interface created when the 

plasmonic element is fabricated on top of the semiconductor device.  

In this chapter, we show that the photocurrent generated by an active plasmonic 

device element can be significantly enhanced by this embedding approach, with 

photocurrent enhancements exceeding the geometric increase in contact area. To examine 

the effect of semiconductor embedding on hot electron Schottky injection, a simplified 

plasmonic geometry of planar gold nanowire “belts” of precisely controlled nanoscale 

widths and nanometer scale depths, with 10 micron lengths, was fabricated and studied.  

This geometry was chosen in preference to discrete nanoantennas for simplicity in 
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fabrication, modeling, and to ensure consistent electrical contact with all structures in the 

completed devices.  It has recently been shown that analogous chemically fabricated gold 

nanobelts, when excited with optical polarization transverse to the long axis of the 

structure, support localized plasmon resonance frequencies that redshift strongly with 

increasing nanobelt width.119  Here we observe a sizeable increase in photocurrent 

relative to nonembedded plasmonic elements by embedding the nanowires just a few 

nanometers into the semiconductor substrate. Moreover, the size dependence of this 

effect, strongest for the narrowest nanowires, indicates that the ballistic hot electrons 

produced by plasmon decay are the major contributor to the observed enhanced 

photocurrent in embedded plasmonic nanostructure-diode structures. Both the observed 

embedding depth and size dependence are key parameters that need to be optimized when 

designing higher quantum efficiency photocurrent harvesting devices based on the 

plasmonic nanostructure-diode concept. 

7.2. Experimental methods 

The embedded nanowires were fabricated using a combination of planar 

lithography and dry etching. Fabrication was performed on a 1-10 Ohm-cm, <100> Si 

substrate protected by 10 nm of thermal oxide. This oxide thickness was chosen to 

eliminate shunting between the substrate and the top electrical contacts, while remaining 

sufficiently thin to permit facile etching of the underlying silicon. Electron beam 

lithography was used to pattern a 400 nm layer of ZEP-520A (Zeon Chemicals), which 

was developed for 60 s in n-amyl acetate (ZED-ND50, Zeon Chemicals), and 10 s in 

methyl isobutyl ketone (MIBK, Zeon Chemicals). The samples were cleaned with an 
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isopropyl alcohol (IPA) rinse, and dried under an N2 stream. The high dry etch resistance 

of the ZEP resist allowed the creation of trenches in the Si substrate using reactive ion 

etching (RIE with a chamber pressure of 25 mT, 150 W forward power, 6 sccm O2, and 

60 sccm CF4. These parameters gave an Si etch rate of ~0.50 nm/s, measured by atomic 

force microscopy (AFM). Etch times were selected to yield nominal pit depths in the Si 

substrate of 5, 15, and 25 nm. Immediately prior to removal from the RIE chamber, we 

performed a final 5 s RIE etch using only CF4 to expose a fresh Si surface. Post-etch 

exposure to atmosphere was limited to <60 s to minimize interfacial oxidation during 

transfer to the electron beam (e-beam) evaporator. Following e-beam deposition of 2/35 

nm of Ti/Au, liftoff was performed at 60C for 2.5 h, followed by sonication and an IPA 

rinse. Electrical contact to the plasmonic nanowires was achieved using a pad-and-wire 

geometry deposited on top of the SiO2 layer in a second lithography step using 2/50 nm 

Ti/Au (Figure 7.2a-c). Ohmic contact to the underlying Si was accomplished using 

Indium solder. 

Photocurrent measurements were performed using a custom beam scanning 

microscope with polarization control and lock-in detection. Plasmonic device arrays 

measuring 10 x 10 μm with a 500 nm pitch were illuminated at near-normal incidence 

with the diffraction-limited output of an ultrabroadband visible-infrared frequency laser 

(Fianium). Frequency selectivity was achieved using an acousto-optic tunable filter 

(AOTF, Crystal Tech). Photocurrent spectra were measured using a lock-in amplifier 

(Signal Recovery, 7280DSP) for both a solid Au pad and the plasmonic nanowires. The 

excitation power spectrum, which was used to determine device responsivities, was 

measured after transmission through a NIR objective (Mitutoyo, 20x). All measurements 
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were performed with the incident light polarized transverse to the long nanowire axis; the 

plasmonic devices yielded no significant photocurrent when driven using light polarized 

along the length of the nanowire. The photoresponse of the solid Au pads was 

polarization independent. 

Modeling of the absorption spectra of these devices was performed using the 

finite difference time domain method (FDTD, Lumerical). The theoretical geometries 

were defined using the nominal experimental dimensions for the nanowires, a pitch of 

500 nm, and literature values for all dielectric functions.16, 103 To match the experimental 

results, periodic boundary conditions were employed with a period matching the 

experimental pitch of the nanowires. 

7.3. Photocurrent enhancements 

Scanning electron microscope images of the completed devices are shown at an 

80 degree tilt angle, enabling direct visualization of the embedded nanowire structures 

(Figure 7.2a-c). Minimally embedded rods can be seen extending well above the 10 nm 

SiO2 layer. Increased etch times allow for partial (Figure 7.2b) or nearly complete (Figure 

7.2c) embedding. For all embedding depths a top contact, seen as a broad 50 nm thick Au 

stripe, was used to make robust electrical contact with the nanowires.  

Enhancement spectra (Figure 7.2d) were obtained by normalizing the 

photocurrent from a nanowire array (Figure 7.2e, left) with the photocurrent generated by 

illuminating a solid Au pad fabricated onto the same device (Figure 7.2e, right). This 

experimental normalization accounts for the wavelength dependence of transmission 
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across the Schottky interface, allowing us to isolate the plasmonic contribution (S) of the 

photocurrent response (R):80  

( ) = ( )      ,    (7.2) 

The enhancement spectra exhibit a consistent increase in amplitude with 

increasing embedding depth of the nanowire, most clearly observable for nanowires of 

the widest transverse dimensions (Figure 7.2d).  The spectra consistently exhibit a single 

broad resonance that tunes weakly to lower energies with increasing aspect ratio (ratio of 

width to thickness). The energies of our measured dipolar peak locations agree well with 

FDTD calculations (Figure 7.2f).  As the transverse dimension of the nanowire is 

increased, its overall optical cross section also increases, which leads to an increasing 

photocurrent with increasing nanowire width. The highest aspect ratio devices exhibited a 

measured photocurrent response around 25 times stronger than for a front-illuminated Au 

pad, corresponding to a strong plasmonic enhancement of the photocurrent response 

relative to a planar Schottky interface. 
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Figure 7.2 | (a-c) Three representative SEM images of devices with widths of 120 ± 10 
nm embedded ~5 nm (blue), 15 nm (green), and 25 nm (red) into the silicon substrate. 
The images were taken at an 80° tilt angle; the Au is colored for clarity. Scale bars are 
100 nm. (d) Measured photocurrent spectra for increasing widths, where each spectrum is 
the photocurrent from (e) a nanowire array normalized to the response from a solid Au 

pad. The dotted white circle indicates the laser spot FWHM of 3 μm. Scale bar is 2 μm. 
(f) Calculated absorption peak wavelengths (black line) agree closely with experimentally 
observed enhancement peaks.  

The effect of embedding the plasmonic structures on the photocurrent 

enhancement can be examined in greater detail by explicitly comparing the responsivity 

of nominally identical plasmonic nanowires at different embedding depths (Figure 7.3a). 

For an incident wavelength of 1500 nm, we find an increase in responsivity with 
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increasing embedding depth, especially for the narrowest wires, increasing substantially 

as the embedding depth increases.  We also observe a rapid rise in responsivity as the 

transverse nanowire dimension (and therefore its electromagnetic cross section) 

increases, with a subsequent decrease in intensity as the nanobelt width is increased 

beyond the optimal nanowire width for plasmon excitation at this incident wavelength. In 

contrast with the experimental responsivity curves, calculated absorption for these 

nanowire structures exhibits only minimal variation between embedding depths both in 

the spatial distribution of absorption within the wires (Figure 7.5) and the overall 

magnitude of the absorption (Figure 7.6). The nearly constant absorption cross section of 

the nanowires indicates that the number of photons absorbed in these devices is 

independent of the embedding depth of the structure into the semiconductor. With 

approximately the same number of photons absorbed in all devices, the initial population 

of hot electrons created by a given photon flux will be similar for all device depths. 

Therefore, the experimentally observed differences in responsivity can be directly 

attributed to an enhancement in charge injection over the vertical Schottky barrier by the 

embedded nanowire structures. 

We can estimate the increase in hot electron photocurrent efficiency by examining 

the ratio of photocurrent between the embedded and non-embedded devices, which yields 

a lower bound on the photocurrent enhancement achieved by incorporating a 3D Schottky 

interface (Figure 7.3c, black points). These enhancement curves show a strong (~10x) 

enhancement for narrow nanowires, with enhancement decreasing to unity as the wire 

width increases; this contrasts strongly with calculated absorption enhancements and 

geometrical enhancements, both of which are close to unity for all sizes (Figure 7.3c, 
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blue curves). The additional enhancement observed experimentally, which greatly 

exceeds the simple geometric increase in contact area (Figure 7.6), suggests that the 

initial hot electron population resulting from plasmon decay exhibits an anisotropic 

distribution of wavevectors. For such an electron population localized in k-space, the 

vertical Schottky interfaces are expected to dominate the overall photocurrent, since few 

unscattered (and therefore energetic) hot electrons would fall within the bottom emission 

cone (Figure 7.1c).   

Based on the calculated absorption efficiencies, we can estimate that a typical 

embedded nanowire driven near resonance exhibits an internal quantum efficiency of 

0.05-0.1%, which is 10x greater than previously reported for similarly resonant Au 

plasmonic nanorod antennas on silicon.80 This enhancement varies somewhat from 

device to device, with variations in the RIE etch causing the non-embedded “control” 

devices to be slightly embedded. Resolving these fabrication limitations should result in 

even greater enhancement factors for this device geometry. 

7.4. Ballistic transport within nanostructures 

For embedded structures, an exponential decrease of photocurrent enhancement 

with increasing nanowire width is observed which corresponds to a spatial decay length 

of ~24 nm (Figure 7.3c, black lines). This is consistent with literature values for the mean 

free path (MFP) of ballistic electrons in Au.120-121  We believe this spatial dependence 

originates, as with the magnitude of the enhancement, in an initial hot electron population 

localized in k-space by Landau damping, which will initially yield electrons propagating 
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with a k-vector matching the plasmon mode.93 Since collisions reduce the energies and 

alter the propagation directions of the hot electrons, this anisotropic distribution will 

dephase with a characteristic length on the order of the MFP and prevent many of the 

initially created hot electrons from reaching the metal-semiconductor interface with 

sufficient momentum to undergo emission. Changing the width of the nanowire 

effectively probes the number of hot electrons remaining with their initial energy and k-

vector, and provides an indirect mechanism for determining the mean free path of the hot 

electrons produced by plasmon decay. As the width of the nanowire is increased, the 

probability of unscattered electrons propagating through the wire and reaching the 

vertical Schottky interface is reduced until, for the widest nanowires, electron 

transmission over the Schottky barrier is dominated instead by transmission over the 

bottom Schottky interface. In this limit, the photocurrent emission probability in an 

embedded structure approaches that of an unembedded structure. 
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Figure 7.3 | Effect of nanowire embedding on photocurrent measurements. (a) Measured  

responsivities and (b) calculated plasmon absorption at λ = 1500 nm for embedding 
depths of 5 nm (blue), 15 nm (green), and 25 nm (red). (c) Photocurrent enhancement, 
defined as the ratio of photocurrent from embedded nanowire to a non-embedded 
nanowire, for two wavelengths – 1300 nm (triangles) and 1500 nm (circles). The 
experimental data is fit with exponentials using a decay constant of 24 nm (black lines). 

Calculated absorption enhancements (dashed blue line, λ = 1300 nm) and geometrical 
enhancements of the Schottky contact area (solid blue line) vary weakly with embedding 
depth. 
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7.5. Geometric basis for photocurrent enhancements 

We attribute the measured photocurrent enhancements to geometric effects, rather 

than modifications of the barrier height, as a result of consistent I-V characteristics 

measured for structures at all embedding depths (Figure 7.4a). Transport measurements 

were performed at room temperature (295 K) on 10x10 μm solid Au squares fabricated in 

parallel with the embedded plasmonic nanowires.  The Schottky barrier parameters were 

extracted from the I-V response using thermionic emission theory:24, 27  

= ( ) − 1       ,   (7.3) 

           and           = ∗∗ exp −     ,   (7.4) 

where S is the Schottky contact area, qϕB is the barrier height, A** is the reduced 

effective Richardson constant, T is the operating temperature in Kelvin, and k is 

Boltzmann’s constant. The ideality factor, η, describes the deviation of the measured 

diode response from the expected response of an ideal diode within thermionic emission 

theory. Extracting η and qϕB from the I-V curves was accomplished using the saturation 

current (Isat) determined from a least-mean-squares fit to the experimental data, the 10x10 

μm area (S) specified during lithography, and standard values for k and q. The reduced 

effective Richardson constant (A**), which accounts for the effective carrier mass in the 

Si, was taken to be 110 A/(cm2-K2).24, 122-123 All of the measured diodes yielded ideality 

factors of 1.13 and Schottky barrier heights of 520 meV. This barrier height was also 

determined independently on both the solid devices and the plasmonic nanowires using 

Fowler plots,24 and found to be ~500 meV, in good agreement with the values extracted 
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using thermionic emission theory. These measured values correspond well with literature 

values for Ti/Si barrier devices,24, 99 indicating that the Ti adhesion layer determines both 

the vertical and horizontal interface potentials.   This behavior is anticipated due to the 

preferential generation of hot electrons in the titanium, as well as the greater transmission 

probability at Ti/Si interfaces – relative to Au – arising from the difference in Schottky 

barrier potentials. The consistency in both ideality factor and barrier height between 

devices with varying degrees of embedding suggests that differences between devices do 

not result from an altered electrical response.  

 

Figure 7.4 | (a) I-V curves for 10x10 μm Au Schottky contacts embedded by ~0 nm 

(blue), 5 nm (green), and 10 nm (red). (b) I-V response of a device array under λ = 1700 
nm illumination for incident powers of 0 mW (gray), 100 mW (black), 200 mW (red), 
300 mW (green), and 400 mW (blue). The wire width was 160 nm. Points are 
experimental values; solid lines are fits from thermionic emission theory with an ideality 
factor of 1.13. (c) The photovoltage (vphoto) shifts linearly with increasing incident laser 
power. 
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7.6. Linear power dependence 

Power-dependent I-V curves show a linear increase in photovoltage with 

increasing photon flux (Figure 7.4b,c). Fitting these I-V curves with thermionic emission 

theory, using the barrier height and ideality factor determined without illumination, gives 

the induced photovoltage (Vphoto). Figure 7.4b shows a typical response using plasmon 

resonant λ = 1700 nm illumination on a device array with wire widths of 160 nm. Over 

our experimentally accessible power range (0-400 μW) the photovoltage shift is linear, 

with an induced voltage of  37 mV/mW.  This power-dependent photovoltage, which will 

likely be improved with further refinement of the fabrication technique, may allow the 

construction of optically activated micropower or control sources compatible with 

integration into larger CMOS devices. 

7.7. Electric field and absorption profiles 

The spatial distribution of absorption within plasmonic nanowires varies weakly 

with embedding depth. To illustrate this, we show both the electric field enhancements 

and absorption profiles for an idealized Au nanowire at λ = 1300 nm for the two extremes 

of embedding depth considered in this chapter (Figure 7.5). For all embedding depths (D 

= 5 nm and 25 nm shown), the maximum field enhancement occurs on the two bottom 

corners. Correspondingly, the absorption maxima are localized at these corners. The 

remaining absorption occurs near the Au surface, both on the sides and on the bottom of 

the nanowire; absorption within the silica and silicon is negligible. 
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Figure 7.5 | Effect of embedding nanowires in silicon on the near-field and absorption 
profiles in a representative 80 nm width nanowire, for (a) partial embedding and (b) 
nearly complete embedding. (c)-(d) The electric field profiles, shown on the same color 
scale, are minimally affected by increasing the embedding depth, D. (e)-(f) Absorption 
distributions within the nanowires, which correspond to maps of hot electron production, 
also are unaffected by varying the embedding depth. Both color scales are identical. 

7.8. Experimental and calculated enhancements  

Experimental photocurrent enhancements, which are the ratio of photocurrent 

from an embedded device to a minimally embedded device, increase strongly for 

decreasing nanowire widths (Figure 7.6a). This strong enhancement, which approaches 

10 for our smallest devices, cannot be explained using either electrodynamic calculations 

of the absorption or from simple geometric considerations. Using the finite difference 

time domain method (FDTD, Lumerical) we have calculated the same ratio for the 

absorption cross sections. These absorption enhancements deviate weakly from unity 
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across the range of sizes considered. The geometric enhancement, calculated as the ratio 

of the Schottky contact areas between an embedded device and an unembedded device, 

shows an increase for smaller devices. This simple geometric approach also fails to 

account for the large enhancements measured experimentally.  

To explain the discrepancy between simple theory and our measured 

enhancements, we suggest that the decay of a plasmon creates an anisotropic distribution 

of hot electrons localized in k-space along the axis of plasmon propagation,93, 124 rather 

than the isotropic distribution commonly assumed when explaining transport over a 

Schottky interface.98 Since emission from the Au across the Schottky interface is only 

possible for a narrow, near-normal angular distribution of electron wavevectors, the 

vertical interfaces would dominate the overall response for an anisotropic distribution of 

wavevectors. 
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Figure 7.6 | (a) Experimental photocurrent enhancements exceed the enhancements 
predicted using either (b) calculated enhancements in the absorption cross section or (c) 
geometric enhancements in the Schottky contact area. The measured enhancements, 
which significantly exceed predictions based on calculated absorption and geometric 
factors, suggest that the sidewalls – which provide a Schottky interface normal to the 
plasmonic oscillations – dominate the photocurrent response.   
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7.9. Conclusions 

In conclusion, we have examined the effect that embedding plasmonic 

nanostructures within a semiconductor has on increasing the photocurrent efficiency in a 

plasmonic nanostructure-diode device. Embedding the nanostructure into the 

semiconductor introduces vertical Schottky interfaces, which permit emission of ballistic 

electrons over the Schottky barriers into the semiconductor, increasing the internal 

quantum efficiency of this geometry for photodetection.  We have shown that embedded 

nanowires, under normal incidence can have 25x greater efficiency than comparable 

planar Schottky devices.  These results suggest that 3D Schottky barriers can be a key 

design feature for increasing the efficiency of plasmon-based photodetection. A broad 

array of devices can potentially benefit from the integration of such vertical Schottky 

interfaces, including hot electron-based optical sensors with direct electrical readout, on-

chip plasmon-based optoelectronic circuitry, infrared detectors, active metamaterials,125 

and enhanced solar cells. 
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Chapter 8 

Dark Plasmons in Hot Spot Generation and 
Polarization in Interelectrode Nanoscale 

Junctions 

Plasmonic nanowires, such as those employed as embedded nano-antenna diodes, 

can develop gaps due to either mechanical strain or electromigration. In this 

chapter we characterize the intensity of the plasmonically-driven electric field in 

these gaps using SERS. Counterintuitively, the strongest ‘hot spots’ are observed 

for optical excitation of the transverse mode, parallel to the nanogap. This 

transverse response is the result of coupling between the dipolar mode of the wire 

and the strongly hybridized ‘dark’ modes within the gap.126 

8.1. Introduction 

Plasmons in metal nanostructures are crucial for understanding the physics of 

nanoscale optics.  These charge density fluctuations on metal surfaces couple with 
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incident light and generate local optical fields that are strongly enhanced relative to those 

of the incident radiation. Plasmonic enhancements in nanostructures have enabled surface 

enhanced Raman spectroscopy (SERS)127-128 along with promising applications including 

single molecule studies,129-130 plasmonically enhanced photovoltaics,5, 131-132 deep 

subwavelength lasing,133-135 plasmon-enhanced photodetection,80, 83, 86 and ultra-high-

resolution color printing.136   

SERS in nanogaps has been studied extensively, including investigations on the 

polarization dependence of the enhanced Raman excitation and emission. SERS emission 

from the nanojunction between finite, subwavelength dimer structures consistently shows 

its strongest magnitude when the incident light is polarized across the gap (along the 

interparticle axis).137-142 This is also true for gaps in bowtie nanoantennas143 and gaps 

between a single nanoparticle on the side edge of a larger nanowire.144-145  

Polarization studies have also been performed on plasmonically active structures 

with extended electrodes, which are critical for hybrid optical/electronic applications of 

these systems. Electromigrated nanojunctions with wide (~20 nm) gaps have shown 

strongest enhancements with light polarized across the gap.146 SERS signals in 

mechanical break junctions have also been shown to be strongest when incident light is 

polarized across the gap.147-148 Theoretical models have confirmed these observations, 

which are accurate for perfectly smooth nanogaps with an idealized geometry.149  Other 

extended electrode studies, including tip-enhanced measurements, typically use this same 

across-the-gap polarization, assuming that the strongest enhancement occurs with this 

polarization direction,150-152 in part due to the “lightning rod effect.”66   



 
123 

 
Here we show that both electromigrated and self-aligned nanojunctions of 

particular dimensions give rise to extremely large SERS signals when the incident light is 

polarized with the electric field along the nanogap (perpendicular to the interelectrode 

axis). In our structures light with this transverse polarization excites complex hybridized 

plasmon modes with greatly enhanced local fields, allowing for much stronger SERS 

emission than seen in the same structures using across-the-gap excitation polarization. 

Cathodoluminescence imaging of the bright modes of the electrode junction, combined 

with finite element calculations, allows us to identify the hybridized plasmon modes of 

the self-aligned electrode structure responsible for the unusual and counterintuitive 

property of these structures.  

8.2. Experimental methods 

The nanojunctions studied in this work were created with two different fabrication 

methods: electromigration153 and a self-aligned approach.154 Self-aligned nanogaps have 

several advantages over electromigrated junctions, including the capability of mass-

producing plasmonically active SERS hotspots with large sensitivities similar to those 

seen in electromigrated gaps.  An entire array of self-aligned junctions can be fabricated 

in parallel with only two lithography and evaporation steps.  In contrast, the fabrication 

scalability of electromigrated junctions is limited, since each individual junction needs to 

be electromigrated separately. The self-aligned technique also allows for greater 

systematic nanoscale control of the gap geometry, avoiding the randomness inherent in 

the electromigration process that often creates asymmetrical gaps.  Finally, self-aligned 

devices are more robust than electromigrated gaps, having shelf lives that can exceed a 
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year at ambient conditions, while electromigrated junctions typically lose their enhanced 

Raman response in a day due to structural relaxation of the metal configuration. Despite 

these differences, both the electromigration150, 155-157 and self-aligned158 techniques 

successfully produce nanogaps which demonstrate strong SERS enhancement, with 

similar microscale geometries and the same metallization. 

The electromigrated devices are fabricated with the same technique described in 

detail in previous work.155-157, 159  A summary of the procedure is as follows. A single 

electron-beam lithography (EBL) step patterns the device on a doped silicon substrate 

with a 200 nm thermal silicon oxide. E-beam evaporation of a 1 nm Ti adhesion layer and 

15 nm of Au, followed by liftoff processing, creates a 120 nm wide by 700 nm long Au 

nanowire connecting two large triangular electrodes. After oxygen plasma cleaning, the 

device is ready for self-assembly of molecules. In this study we soak the samples in a 0.1 

mM solution of trans-1,2-bis(4-pyridyl)-ethylene (BPE) in ethanol for 45 min, which 

leaves a self-assembled monolayer of BPE on the surface. Finally, the nanowires are 

electromigrated one at a time to form the nanojunctions with gaps ranging from 2-10 nm.   

Self-aligned junctions are fabricated with a two-step lithography process, initially 

developed in previous work.154 The first lithography step patterns the left side of the 

nanowire and left electrode on a doped silicon substrate with a 200 nm thermal silicon 

oxide. After developing, four layers are evaporated: 1 nm Ti, 15 nm Au, 1 nm SiO2, and 

12 nm of Cr. Ti is used as an adhesion layer, and Au is the plasmonically active metal 

used for the device. The SiO2 acts as a barrier to prevent the Cr from diffusing into the 

Au and altering the gold’s optical properties,160 and the Cr layer is crucial for the self-

aligning process. After evaporation, the chromium layer oxidizes and swells, creating a 



 
125 

 
chromium-oxide ledge extending a few nanometers beyond the metal layers. The Cr-

oxide overhang acts as a shadow mask for the subsequent evaporation. After liftoff, the 

second EBL step patterns the right side of the nanowire overlapping the first side, as well 

as the other electrode. A subsequent evaporation deposits the same four layers, and the 

overlapping pattern along with Cr-oxide-mask “self-align” the two sides, creating the 

nanogaps. A Cr etch follows liftoff, which removes the overlapping material along with 

all the Cr. Finally, the SiO2 barrier layer is etched away with a brief buffered oxide etch, 

leaving a clean 2-10 nm gap at the center of a 700 nm long and 120 nm wide nanowire 

connected to two Au electrodes. The devices are now finished and ready for molecules to 

be self-assembled on the surface. The optical microscope image (Figure 8.1a) shows an 

overview of a typical self-aligned structure, and the scanning electron microscope image 

(Figure 8.1b) displays the nanogap at the center of the nanowire.  
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Figure 8.1 | (a) Optical microscope image showing overview of device with nanogap at 
the center of the Au bowtie-electrodes. (b) Scanning electron microscope (SEM) image 
of typical self-aligned Au nanowire with nanogap, and a legend that shows the definitions 
of the transverse, ET, and longitudinal, EL, polarization orientations. (c-f) Raman spectral 
maps at center of bowtie where pixel-brightness is proportional to Raman intensity. All 
maps are of the same nanogap device and image the same area with scale-bar as indicated 
in (f). Spectral maps of the Raman mode of Si (510-520 cm-1) for (c) transverse and (d) 
longitudinal polarizations plotted with the same intensity color scale. Spectral maps of 
SERS of BPE, integrated from 1500-1600 cm-1, for  (e) transverse and (f) longitudinal 
polarizations, both plotted with the same intensity-color scale. Map (e) shows SERS 
hotspot at gap is enhanced with transverse polarization, while map (f) is dark, indicating 
that the hotspot is not detectable with longitudinal polarization. 

Optical measurements were made with a custom Raman microscope, as described 

in previous work.155, 157 A 785 nm laser is rastered across the sample with submicron 

resolution and focused on the sample with a 100x (N.A. = 0.7) long working distance 

objective. By taking a spectrum at each position of a spatial grid, spectral maps can be 

created.  Figure 8.1(c-f) has four of these maps of the same device and area, where each 

intensity pixel was obtained from a single spectrum with a 1 s integration time. All maps 

plot the integrated Raman intensity for a specific spectral range. Figure 8.1c-d plot the 

integrated spectra from 510 to 520 cm-1, the Raman response of the Si substrate; and 

Figure 8.1(e-f) map the SERS signal from BPE in the range 1500-1600 cm-1. The 

polarization of the illuminating laser light was rotated with a half-wave plate in order to 

create spatial maps as a function of incident polarization. Maps in Figure 8.1c,e were 
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each obtained from data from the same scan using transversely polarized incident light, 

and spectral maps in Figure 8.1(d,f) were from data of a single scan obtained using 

longitudinally polarized incident light. The transverse, ET, and longitudinal, EL, 

polarization directions are shown relative to the self-aligned gap orientation in Figure 

8.1b. The Si maps in Figure 8.1c-d show no polarization dependence; both maps are 

nearly identical, showing dark regions where the Au attenuates the Si Raman signal. 

However, the SERS hotspot at the center of the device, visible in Figure 8.1e, shows a 

strong polarization dependence, with the greatest signal being produced when the 

incident light is polarized transversely. With longitudinal polarization, EL, the SERS 

signal was greatly reduced in comparison, and in some cases, as shown in Figure 8.1f, the 

hotspot signal was undetectable (all dark). 

8.3. Polarization dependence of SERS enhancement 

The Raman enhancement only occurs in the presence of a gap.  Nanowire 

constrictions measured before electromigration have never shown hotpot regions. The 

hotpots only appear after electromigration or on the self-aligned structures fabricated 

with the gap, confirming that the enhancement is due to localized plasmons at the 

junction.   

Two typical Raman spectra taken at the center of a self-aligned nanogap are 

plotted in Figure 8.2a with orthogonal incident laser polarizations, ET (θ = 90o) and EL (θ 

= 0o). The scanning electron microscope (SEM) image in Figure 8.2c, shows the nanogap 

with a polarization direction reference angle. The two spectra in (a) are the slices from 
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the polar-contour plot of (c) marked with corresponding arrows. Each slice in the polar-

contour plots, Figure 8.2b-d, is a single spectrum with a 3 s integration time taken at 

every 5 degrees of polarization angle. The shading of each plot is proportional to the 

Raman spectrum intensity, with brighter colors representing higher CCD counts as 

indicated in the color bar of each figure.  
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Figure 8.2 | Surface enhanced Raman spectra (SERS) as a function of polarization. (a) 
SERS spectra of BPE at center of self-aligned nanogap with transverse, ET, and 
longitudinal, EL, incident polarization. The two spectra in (a) are the radial slices marked 
with arrows in the polar-contour plot (c). (b-d) Polar contour plots showing polarization 
dependent Raman spectra. Color shading represents Raman spectral intensity in CCD 
counts with scale shown in color-bar. Each radial slice represents a single spectrum taken 
with a 3 s integration time at every 5 degree polarization angle. All spectra are plotted in 
the Raman shift range that increases from inner to outer diameter as labeled on the 
bottom of each plot. Spectra taken away from the hotspot on nearby Si (b) show no 
polarization dependence. Measurements taken at (c) self-aligned and (d) electromigrated 
nanogap hotspots show strong polarization dependence. SEM images show a typical (c) 
self-aligned and (d) electromigrated gap. 

Polarization-dependent Raman spectra were first obtained on a large gold pad and 

on bare Si near a device, which confirmed that the Raman detection system itself is 

polarization independent for the complete spectral range studied. The measurements for 
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the Si peak at 515 cm-1 are plotted in Figure 8.2b in the range of 400 to 600 cm-1. These 

results confirm that any observed polarization dependence of the SERS signal is solely 

due to the nanogap and not caused by any asymmetry in the optical path of the Raman 

signal.  

The nanogap SERS signals observed from these structures were highly 

polarization dependent. The polarization dependent spectra in Figure 8.2c-d were taken at 

the SERS hotspot of (c) a self-aligned and (d) an electromigrated nanojunction and are 

plotted in the range from 1000 to 1800 cm-1. SEM images of each gap are shown above 

the corresponding polar contour plots. Both types of nanogaps showed a strong 

polarization dependence of the SERS signal, with the greatest intensity being measured 

when the incident light had a transverse (along the gap) polarization, θ = 90o and θ = 

270o.   (This is in stark contrast to the many examples discussed in the introduction, 

which show maximum Raman response and/or field enhancement for incident light 

polarized across the gap.)  Intensity fluctuations as a function of time between 

consecutive polarization angles are superimposed onto the SERS polarization dependence 

contour plots which sometimes saturated the intensity range or made the SERS signal 

undetectable. Since the spectra at each angle were obtained at successive times, the 

measured intensity as a function of angle included a fluctuating contribution due to 

“blinking”, a typical characteristic of high sensitivity SERS signals.155-157, 159, 161-163 The 

broad bands in the spectra of the electromigrated sample (d) are the SERS response of 

carbon contamination142 deposited on the electromigrated junctions during SEM imaging 

prior to measurement with the Raman microscope. The carbon contamination SERS 
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emission showed a similar polarization dependence as the BPE molecule signal in (c). 

Other types of molecules have also been tested in these devices with similar results. 

Transversely polarized (along the gap) excitation (with θ = 90±3o) generated 

greater SERS enhancement than longitudinally polarized (across the gap) excitation on 

65 of the 76 active devices measured (86%). Variances from this trend could have 

originated from blinking events during spectra acquisition or could be caused by defects 

in the metal geometry that occurred during the fabrication process, creating off-axis or 

opposite polarization dependence. The emitted Raman light has always been found to be 

partially polarized along the gap, transverse to the interelectrode axis (θemitted = 90±10o).  

8.4. Cathodoluminescence of nanowires 

To further understand the origin of the observed polarization dependence and the 

nature of the plasmon resonances in these nanojunctions, cathodoluminescence (CL) 

imaging was used. Cathodoluminescence is a useful method to examine properties of the 

radiative plasmon modes in various nanostructures.28, 164-167 CL employs an SEM 

equipped with specialized optics to detect radiated photons in addition to ejected 

secondary electrons, allowing for simultaneous structural and optical imaging. When the 

high-energy electron beam (30 keV) scans across a sample, it excites many plasmon 

modes at each beam position. The emitted photons are collected with a 0.89 N.A. 

parabolic mirror and reflected toward an optical spectrometer and detector system (Gatan, 

MonoCL4 Elite). The nanometer-sized beam focus and positioning allows for high 

resolution (~20 nm) imaging of the structure. CL images are excitability maps where the 
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brightness of each pixel is proportional to the light intensity emitted from plasmon modes 

excited when the beam is at that particular position. 

A CL excitability map and corresponding SEM image taken simultaneously are 

shown in Figure 8.3a,b. The device scanned is a typical self-aligned structure and shows 

a characteristic CL response typical of these nanojunctions. The CL measurement shown 

is unpolarized and captured with a 700 nm bandpass filter (80 nm FWHM) in order to 

preferentially detect plasmon emission over non-plasmonic luminescence. Though non-

filtered panchromatic CL measurements have shown similar results. The CL image shows 

that radiative transverse plasmon modes of the nanowire dominate the signal, and that 

these modes are dark at the gap in the center of the nanowire. No longitudinal plasmon 

modes are visible. Computational modeling (see below) shows that longitudinal plasmons 

for this structure are comparatively weak and correspond to longer wavelengths due to 

the large extended electrodes on each end of the nanowire. Consistent with the measured 

dependence of Raman emission on the incident polarization, the strong resonant 

transverse plasmons dominate the excitation dependence of the SERS. The low CL signal 

at the gaps is due to an optically dark multipole plasmon mode which can be seen in the 

calculated charge plots (Figure 8.3e-iii). 
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Figure 8.3 | Cathodoluminescence measurements and simulations. (a) SEM image of a 
nanogap acquired in parallel with (b) an unpolarized cathodoluminescence excitability 
image. (c) Simulation geometry of self-aligned nanogap used in COMSOL finite element 
method calculations. Calculated electromagnetic-field enhancement (i-ii) and charge 
distribution (iii) due to incident Gaussian light with (d) longitudinal and (e) transverse 
polarization.  Local, very intense multipolar plasmon modes in the gap are excited 
efficiently when the light is transverse polarized (along the gap), because that light 
couples well into transverse plasmon modes of the wire.  The traditional longitudinal 
polarization (across the average gap direction) does not efficiently excite large local 
fields in the gap. 

8.5. Modeling the electromagnetic response 

The local electromagnetic response of these structures was modeled using the 

finite element method (FEM, COMSOL 3.5a). The geometry of the simulated structure 

was designed to match, as closely as possible, a representative set of experimental 

dimensions. The nanowire section measured 700 nm, which expanded to a set of pads 

measuring 1.2 µm across. The asymmetric gap varied from 5-10 nm in width, and 
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included several local minima in the interelectrode distance. To include the effect of the 

substrate, we employed an effective medium approximation with neff = 1.25. The incident 

wave was modeled as a Gaussian beam focused to the free space diffraction limit at 785 

nm ( = /2NA = 560 nm), based on the microscope objective used for the experimental 

measurements. The Au layer was 15 nm thick, and modeled using an experimentally 

derived dielectric function.16  

The simulated response exhibits a strong contrast between longitudinal and 

transverse polarized excitation (Figure 8.3d-e). Electromagnetic-field distributions are 

plotted in Figure 8.3i-ii for both (d) longitudinal and (e) transverse polarizations. The 

electromagnetic field and charge distribution is weak for longitudinal polarization (Figure 

8.3d). With the traditional, across-the-gap longitudinal excitation polarization, plasmons 

launch from the gap and then decay in the large extended electrodes, producing little E-

field enhancement at the gap. For along-the-gap transverse polarization, the incident light 

excites a dipole plasmon that resonates between the edges of the nanowire, as seen in the 

CL image. This dipole mode interacts with subtle nanoscale structural variations in the 

gap, creating a highly localized hybridized mode, shown enlarged in Figure 8.3(e)ii-iii. 

When comparing these results to CL, the multipolar component of this mode is dark, 

consistent with the conceptual picture that the hybridized mode responsible for field 

enhancement is due to a coupling between non-dipole-active dark modes and the dipole 

active n = 1 mode. The simulation was calculated for a self-aligned structure, but any 

arbitrary asymmetry between the electrodes would create a similar hybridized mode; 

therefore, the same hybridized mode also exists in electromigrated junctions.  
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The polarization dependence of these devices is independent of the precise gap 

geometry or orientation, but rather is highly dependent on how efficiently incident light 

couples to the transverse dipole plasmon of the larger nanowire structure.  It is that 

transverse plasmon that hybridizes with multipolar gap modes with large field 

enhancements.  With our fabrication techniques gaps are formed perpendicular to the 

nanowire. While the gaps have some geometric variations, on average each gap lies 

perpendicular to the nanowire. Different devices with SEM images showing various gap 

geometries all have similar polarization dependence, with the strongest enhancement 

when the light is polarized transversely (along the gap).  

The simulation was repeated at each polarization orientation from θ = 0° to 360°. 

At each polarization angle the magnitude of the local intensity as a function of 

polarization angle, ( ) = ( )/ , at the gap was calculated, where E0 is the 

magnitude of the incident field. These results are shown in Figure 8.4b. For these 

structures, the local enhancement at the gap for transverse excitation has been calculated 

to be more than an order of magnitude larger than the enhancement with longitudinal 

excitation.      
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Figure 8.4 | (a) Measured SERS intensity at peak position of 1550 cm-1 as a function of 
incident laser polarization. (b) Calculated local enhancement of excited mode as a 
function of incident laser (λ = 785 nm) polarization.  Plotted is the normalized electric-
field squared at the gap calculated with finite element method for simulated nanogap 
geometry.  

8.6. Comparing simulated and experimental SERS intensities 

The measured experimental SERS intensity as a function of incident light 

polarization is normalized and plotted on a traditional polar plot (Figure 8.4a). Each data 

point is the peak intensity at 1550 cm-1 from the average of two Raman spectra with the 

same polarization, obtained from the raw data in the polar-contour plot of Figure 8.2c. 

Noise in the measured Raman data is largely due to spectral intensity fluctuations in time 

(blinking) as discussed previously. The measured polarization dependence of the SERS 

signal fits well with, and is directly proportional to, the calculated local enhancement. 

This corresponds with previous studies23 stating that for any polarization dependent 

SERS measurement, the polarization dependence of the overall SERS enhancement 

factor, ( ), is directly proportional to the polarization dependence of the local 

intensity, 
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 ( ) = ( )
      ,     (8.1) 

Here = | / |  is the Raman emission enhancement factor, and it is polarization 

independent since it depends on the direction of the induced Raman dipole field, ER, 

which is determined by the geometry of the metal structure. 

8.7. Conclusions 

Experiments on SERS in mechanical break junctions have shown a longitudinal 

polarization dependence, rotated 90 degrees compared to our structures, measuring 

strongest SERS enhancement when the light is polarized across the gap.25  In their case, 

however, there is no nanowire connecting the wide (3-5 microns) electrodes; therefore 

there would be no resonant transverse dipole mode at the excitation wavelength (632 nm 

in their case).  Moreover, in the mechanical break junction experiments the gap structure 

is relatively smooth and symmetrical, lacking the nanoscale asymmetries that enable 

comparatively large hybridization of the multipolar interelectrode plasmon with the 

transverse dipolar mode in our structures.  Similarly, electromigrated junctions formed in 

chemically synthesized silver nanowires consistently show maximum Raman 

enhancements with the incident 514 nm light polarized across the gap,146 in contrast to 

our results.  Again, the most likely explanation for this difference is that for the nanowire 

dimensions and incident wavelength, there is not a strong transverse plasmon resonance 

in the silver nanowires leading to the gap.   

Our results emphasize that having realistic, non-idealized simulation geometries is 

critical for modeling the true nature of polarization dependence of SERS emission in 
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complex structures. Often calculations assume perfect symmetry and smoothness when 

representing nanogaps,147-149 while we have shown for our structures that the asymmetries 

of the junction and the subtle variations of gap dimensions (even when average gap 

orientation is preserved) are essential factors that enable the strong hybridized modes and 

significant polarization dependence seen in our devices.  

In summary, we have shown that dark modes can play a critical role in the 

plasmonic hotspots in nanogap structures with extended electrodes. Nanogap hotspots 

formed in particular nanowire structures with extended electrodes are excited most 

efficiently by light polarized along the gap (transverse to the average interelectrode axis). 

This surprising behavior, which has orthogonal polarization dependence compared to all 

previous reported gap-enhanced Raman spectroscopy, is due to an intense transverse 

dipolar plasmon mode that interacts with optically dark multipolar modes localized to the 

nanogap region. The Raman enhancement that results from these highly localized, intense 

hybrid plasmon modes is stronger than that obtained for light polarized in the traditional 

across-the-gap direction. The hybridized mode has a large density of states for far-field 

photon emission, due to its transverse dipolar component.  Thus, while the incident 

polarization determines the efficiency with which a hybridized mode is excited, the 

Raman emission is dominated by this transverse dipolar mode, which dictates its 

polarization dependence. This insight into its underlying plasmonic properties explains 

why the nanogap structures reported here have such a robust near-infrared plasmon 

response: its strength is largely determined by the transverse dipolar mode of the 

nanowire geometry, which is highly reproducible, and not by the specific geometry of the 

nanogap junction. Understanding the nature of plasmons in this type of system opens the 
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possibility of further geometric optimization of near field-far field coupling in electrode-

nanogap structures, for improved Raman measurements and other nanophotonics 

applications. 
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Chapter 9 

Aluminum for Plasmonics 

 Many recent advances in plasmonics have relied on the coinage metals – gold, 

silver, and copper – due to their quasi-free electron response. In the ultraviolet, however, 

interband transitions cause these materials to absorb strongly. Achieving controllable, 

high energy plasmonic resonances requires a new material system. This chapter presents 

aluminum as a promising UV material, and discusses the spectral impact of both surface 

and bulk oxides. Understanding the roll of these oxides is particularly critical for 

aluminum due to its strong affinity for oxygen, and the unavoidable formation of a core-

shell structure following atmospheric exposure.168 

9.1. Introduction 

Plasmonics is known to hold tremendous potential for transformative applications 

in optics-based technologies at infrared and optical frequencies. In recent years, there 

have been significant advances in plasmon enhanced light harvesting,5, 169-171 
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photocatalysis,172-178 surface enhanced spectroscopies,179-183 optics-based sensing,3, 184-187 

nonlinear optics,188-190 and active optoelectronic applications and devices.80, 191-194 While 

plasmons in nanoscale systems can be readily tuned across the visible and into the 

infrared regions of the spectrum, extending plasmonic properties into the UV has been 

significantly more challenging because of inherent limitations in the most common 

plasmonic metals Au and Ag (Fig. 1a).3, 195-196, 197-198 Interband transitions introduce a 

dissipative channel for Au plasmon resonances at wavelengths shorter than 550 nm; Ag 

supports resonances down to 350 nm but suffers from rapid, destructive oxidation. 

Aluminum has recently been suggested as an alternative plasmonic material in the UV 

and visible regions of the spectrum. 22, 170, 185, 199-205 Its attractive properties include low 

cost, high natural abundance, and ease of processing by a wide variety of methods 

including CMOS.  

To date, however, the experimental optical response of Al nanoparticles has 

appeared inconsistent relative to calculated spectra, even for well characterized 

geometries. Some studies have shown quantitative agreement between experiment and 

theory, including for pure Al nanodisks.22, 199 Other studies, however, have reported 

discrepancies between experimental and calculated plasmon resonance energies (Δλ > 

50-100 nm), especially at ultraviolet energies.187, 200, 203  Where discrepancies exist, the 

experimental resonances are consistently redshifted relative to values calculated using the 

tabulated dielectric response of aluminum.  

Here we show how the energy of localized surface plasmon resonances depends 

sensitively on the presence of oxide within the bulk metal. We measure the optical 
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properties of individual Al nanodisks both as a function of measured oxide content and 

diameter, and develop a general approach for modeling their optical response. These 

results provide a method for estimating the metallic purity of aluminum nanoparticles 

directly from their optical response.  

 

Figure 9.1 | Aluminum as a plasmonic material. (a) Plasmon tuning ranges of the most 
common plasmonic materials, Au and Ag, compared with Al. (b) Calculated spectra for a 
35 nm thick, 50 nm diameter Al nanodisk: i, a pure, isolated Al nanodisk (black line), ii, 
an isolated Al nanodisk with a 3 nm surface oxide (green), and iii, the same Al nanodisk 
on an infinite SiO2 substrate (orange). 
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9.2. Results and discussion 

The plasmonic response of aluminum nanostructures should depend sensitively on 

both the presence of a surface oxide layer and the presence of a substrate (Figure 9.1b). 

For a pure, isolated Al nanodisk with a D = 50 nm diameter, the scattering spectrum 

exhibits a single dipolar resonance at 210 nm (i). The addition of a 3 nm surface oxide - a 

characteristic thickness of the native Al oxide - redshifts the resonance by 15 nm and 

decreases its amplitude (ii). Placed on a dielectric substrate (e.g., SiO2) the nanodisk 

resonance redshifts and weakens further, with the dipolar surface plasmon resonance 

(SPR) shifting to 255 nm and a quadrupolar shoulder appearing as a distinct mode at 

shorter wavelengths (iii).  
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Figure 9.2 | UV-Vis tuning of aluminum plasmons. (a) Experimental darkfield spectra of 
individual nanodisks with D = 70, 80, 100, 120, 130, 150, 180 nm. (b) SEM micrographs 
of the corresponding  nanodisk structures. Scale bar is 100 nm. (c) FDTD simulations of 
the nanodisk spectra, assuming a 3 nm surface oxide and a SiO2 substrate. 

The spectral response of pure individual Al nanodisks (Figure 9.2a), fabricated on 

UV-grade fused silica substrates using e-beam lithography (Figure 9.2b), was measured 

as a function of increasing disk diameter using a custom-built hyperspectral UV-visible 

microscope. For small nanodisks, the deep UV plasmon resonance exhibits the 

characteristic Lorentzian resonance of a dipolar oscillator. As the nanodisk diameter is 
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increased, phase delay across the nanoparticle causes the plasmon resonance to redshift 

and broaden, and introduces higher order, multipolar resonances. These experimental 

spectra remained unchanged when remeasured following three weeks of atmospheric 

exposure, confirming that the self-terminating native Al oxide very effectively passivates 

the nanostructures.  

Pure Al nanodisk spectra calculated using the finite difference time domain 

(FDTD) method (Figure 9.2c) agree well with the experimental darkfield observations. 

The small geometrical defects in nanodisk geometry apparent in the SEM images (Figure 

9.2b) do not produce significant deviations from the theoretical spectra, which assume 

perfect disks (Figure 9.2c). Also, while the excitation conditions are different (see: 

Materials and Methods), the finite numerical aperture of the objective (N.A. = 0.28) 

limits the darkfield spectrum to modes that radiate nearly perpendicular to the substrate.65 

This eliminates experimental contributions from out-of-plane plasmonic modes, giving 

good agreement with the simulated spectra. 
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Figure 9.3 | Aluminum dielectric response. (a) Scattering spectra of 100 nm diameter 
nanodisks with varying metal oxide fractions. The calculated spectra (solid lines) assume 
a 3 nm pure surface oxide and a SiO2 substrate. The experimental dark field spectra 
(dotted lines, scaled for clarity) correspond to evaporations performed under exposure to 
varying trace levels of oxygen, producing 9% (green), 19% (blue), and 27% (orange) 
metal oxide content. (b) Ellipsometrically measured dielectric functions for the three 
deposited Al purities. (c) Bruggeman dielectric functions for Al oxide fractions of 0% 
(black), 9% (green), 19% (blue), 27% (orange), 40% (gray), and 50% (light gray).  

Nominally identical Al nanodisks exhibit substantial variations in their plasmon 

response due to the presence of oxides in the bulk metal (Figure 9.3). To study this effect 

systematically, three nanodisk samples were prepared using identical lithographic steps, 

but with three different deposition chamber conditions: pristine, recently contaminated, 
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and cleaned following contamination. First, films were deposited in a dedicated 

deposition chamber at 10-7 Torr. Next, a sample was prepared after ‘contaminating’ the 

deposition chamber with a thick layer of SiOx. Aluminum was deposited at 10-5 Torr; 

outgassing from the chamber walls created a partial pressure of oxygen within the 

chamber. The chamber was subsequently ‘cleaned’ by depositing titanium as a getter and 

sustaining vacuum levels of <10-5 Torr for one week. Finally, a third sample was 

prepared, also at a pressure of 10-5 Torr. 

The dark field plasmon response of individual nanodisks fabricated from these 

films (Figure 9.3) shows significant spectral effects as a result of the three deposition 

conditions. For D=100 nm nanodisks prepared under pristine conditions, the plasmon 

peak occurs at ~405 nm (Figure 9.3a, green points). Immediately following 

contamination the plasmon resonance was shifted to 465 nm (orange points), while after 

cleaning the plasmon shifted back to 417 nm (blue points).  Both samples prepared 

following SiOx deposition showed a decrease in amplitude of the scattered light relative 

to nanodisks grown under pristine conditions (green points). 

To measure the dielectric response of Al for all three deposition conditions, 

spectroscopic ellipsometry was performed on smooth films deposited simultaneously 

with the plasmonic nanodisks for wavelengths between 300-700 nm and an incident angle 

of 70o (Figure 9.3b). The Al dielectric function for each film was derived from the 

ellipsometric data assuming a bilayer composed of a thin dielectric Al2O3 layer (εox = 

εAl2O3) coating an infinitely thick metallic Al substrate characterized by a modified Drude 

response (Figure 9.3b)  
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 = −      ,       (9.1) 

in which  is the bulk plasmon frequency, Γ is the damping constant, and  is the high 

frequency response. To within experimental uncertainties, all films exhibited similar 

surface oxide thicknesses (2-6 nm) and metallic Drude damping (Γ ≈ 0.9-1.3 eV) and 	(3-4) parameters. However, the bulk plasmon frequency was observed to decrease as 

trace SiOx exposure increased, with = 15.8 eV (green), 14.9 eV (blue), and 12.5 eV 

(orange). 

The observed dependence of the experimental dielectric response on the degree of 

metal oxidation was modeled as an effective medium comprised of oxide inclusions 

within the host aluminum. The Bruggeman effective medium approximation was found to 

reproduce the observed behavior more accurately than Maxwell-Garnett (see 

Supplementary Information). The Bruggeman model permits the calculation of a 

composite Al/Al2O3 dielectric function ε by mixing the tabulated values of pure Al and 

Al2O3 as:103, 206  

+ = 0      ,                        (9.2) 

where nAl and nox are the volume fractions of aluminum and oxide comprising the 

material, respectively. Dielectric functions for the composite metal calculated using this 

approach (Figure 9.3c) closely match the experimentally measured permittivities. Slight 

discrepancies appearing in the imaginary permittivity may arise either from metallic 

granularity, which varies depending on deposition conditions, or deviations from the 

Drude model used during ellipsometry to extract the experimental dielectrics.207 
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The Al fractions used to calculate the effective dielectric function for each 

composite metal film were obtained by fitting the ellipsometrically measured Drude 

dielectric functions with the Bruggeman dielectric function, yielding =	0.91 (green), 

0.81 (blue), and 0.73 (orange). Calculated nanodisk spectra using these composite 

Al/Al2O3 dielectric functions for the core metal and 3 nm of pure Al2O3 for the shell 

agree quite closely with the measured spectra (Figure 9.3a). 

The elemental composition of each film was confirmed under ultrahigh vacuum 

conditions using X-ray photoelectron spectroscopy (XPS, PHI Quantera). Spectra were 

acquired for all elements present in the film/substrate system: Al 2p (68-80 eV), O 1s 

(526-538 eV), C 1s (280-292 eV), and Si 2p (97-109 eV). Using an Al kα x-ray source, 

the XPS measurements yielded a response limited to elements present within 10 nm of 

the exposed sample surface. The elemental composition within the probe volume was 

obtained from the integrated XPS lineshapes after accounting for instrument- and 

material- dependent relative sensitivity factors. The Al 2p spectrum contains two peaks 

corresponding to the oxidized and metallic states (75.7 eV and 73.5 eV, respectively).208-

209 Given effective attenuation lengths of = 2.92 nm and = 2.39 nm, which are 

specific to Al 2p photoelectron emission,208 the ratio of the integrated Al and Al2O3 peak 

intensities estimates the relative fractions of oxidized and metallic aluminum within the 

penetration depth (~3 ) of the exposed surface. These relative intensities indicate 

significant differences in oxide content between the three Al samples (Figure 9.4a).  

 



 
150 

 

 

Figure 9.4 | High purity aluminum deposition. X-ray photoemission spectroscopy (XPS) 
of the Al 2P peak (73.5 eV) and corresponding oxide peak (75.7 eV) at (a) the surface 
and (b) within the deposited aluminum film. The films are the same as in Fig. 3: 9%  
(green), 19% (blue), and 27% (orange) metal oxide content. All spectra are normalized to 
the Al peak for clarity. (c) A schematic drawing denoting scan locations within the film. 
(d) The fraction of oxidized aluminum within the bulk material is calculated from the 
relative XPS peak intensities as the film is etched in situ, with approximate depths 
indicated from (c).  

To determine the compositional depth profile of the film, in situ Ar+ etch cycles 

(3 kV, 3x3 mm area, 12 second increments) and XPS measurements were performed 

iteratively to estimate the fractional composition just below each freshly exposed surface. 

Significant aluminum and aluminum oxide peaks were observed (Figure 9.4a), allowing 

the depth profile of oxidized Al to be measured quantitatively. In addition, the samples 
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exhibited a minor contribution from carbon - a surface contaminant only observed on the 

unetched films - and silicon - which only appeared when the etching process had 

completely removed the 35 nm Al film from the Si substrate and the Al 2p peak had 

disappeared.  Otherwise, the only elements detectable during depth profiling were 

aluminum and oxygen, with the oxygen appearing in a stochimetric ratio with aluminum 

consistent with the measured Al2O3. During the first several etch cycles, a rapid decrease 

in the Al2O3 peak was recorded, corresponding to the removal of the passivating surface 

oxide (Figure 9.4d). Once the surface oxide layer was removed, the rest of the film 

exhibited a constant bulk oxide fraction (Figure 9.4b). For the three different samples, 

these correspond to unoxidized atomic fractions of 75% (orange), 82% (blue), and 92% 

(green) Al, in close agreement with the values 73%, 81%, and 91% Al deduced from 

ellipsometry and the Bruggeman model. (The XPS counts correspond to atomic fraction, 

rather than volume fraction, used in the Bruggeman model. Direct application of these 

data to the Bruggeman model slightly underestimates the oxidized volume, which we 

estimate to be within our experimental error.)  This agreement confirms that Al oxidation 

beneath the native oxide surface coating occurred in situ during deposition from the low 

levels of trace oxygen present during film growth.  

The thickness of this native oxide surface coating may also be estimated from the 

surface XPS spectrum.208-209 Approximating the ~92% Al film as a pure Al substrate of 

quasi-infinite depth (film thickness > 10	 ), XPS measurements (Figure 9.4d, green 

lines) and appropriate dielectric constants208 estimate a surface oxide thickness of 3.0 ± 

0.1 nm, in close agreement with the native oxide thicknesses measured by ellipsometry 

and reported in the literature.22 Indeed, this 3 nm thin native oxide is a ubiquitous and 
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significant characteristic of Al, separate from the deposition-dependent core metal 

oxidation discussed above.  The native oxide strongly affects the plasmonic performance 

of Al nanodisks because of their high surface-to-volume ratio. For example, the native 

oxide shell covering a nanodisk with D = 100 nm comprises ~27% of the total nanodisk 

volume. For smaller nanodisks this percentage increases rapidly, exceeding 50% for D < 

27 nm.  The total oxide fraction of an Al nanostructure must therefore include both the 

volume fraction of the native oxide shell and the fractional composition of the composite 

metal/oxide core. 
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Figure 9.5 | Determining oxide fraction from Al nanodisk scattering spectra. Solid: 
Calculated plasmon peak energies as a function of core oxide fraction for D = 75, 100, 
and 150 nm nanodisks assuming a 3 nm pure oxide shell. Points: experimentally 
measured values for 9% (green), 19% (blue), and 27% (orange) oxide content with D=75 
nm (triangles), 100 nm (circles), and 150 nm (squares). The error bars indicate typical 
standard deviations of peak energies for five nominally identical nanodisks (vertical axis) 
and the maximum difference between the XPS and ellipsometrically measured Al 
fractions (horizontal axis). 

The close agreement obtained between the experimental and theoretical scattering 

spectra of the Al nanodisks in Figure 9.3 reveals that the plasmon energy depends 

sensitively on the fraction of Al2O3 in the core metal. In other words, for Al 

nanostructures of the same geometry with the same native oxide shell, the core Al2O3/Al 

fraction is a primary determinant of the optical response. These findings indicate that a 

requirement for reproducible Al-based UV plasmonic nanostructures is fabrication in a 

pristine environment, to minimize the deleterious effects of the bulk metal oxide.  
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Conversely, the optical scattering spectrum of an Al nanodisk can serve as a “reporter” of 

Al purity. This is illustrated in Figure 9.5, where the calculated and measured peak 

scattering energies for a D = 100 nm Al nanodisk are plotted as a function of core oxide 

fraction. For equivalent nanodisks calculated using the Bruggeman model dielectric 

function, increasing the core oxide fraction induces a redshift in the dipole resonance 

peak from 3.1 eV (400 nm) to 2.0 eV (620 nm) (Figure 9.5). This “reporter” functionality 

is confirmed by the measured resonance energies (Figure 9.3) for three different 

nanostructure sizes (Figure 9.5, circles). Selecting alternate ‘reporter’ geometries shifts 

and changes the shape of this calibration curve (see Figure 9.5, D=75 and 150 nm), 

suggesting that the smallest diameter nanodisks are the best reporters as their peak 

energies depend most sensitively on the fraction of bulk oxide present in the 

nanostructure.   

9.3. Materials and methods 

9.3.1. Theoretical calculations  

Modeling for this chapter was performed using the finite difference time domain 

method (FDTD, Lumerical) with nanodisks defined by a diameter D, a thickness of 35 

nm and a 5 nm radius of curvature on all exposed edges. The scattering efficiency, which 

is the ratio of the scattering cross section to the nanodisk area, was calculated for a 

normal incidence plane wave, and the optical responses of Al, Al2O3, and SiO2 were 

specified using tabulated dielectric functions.103  
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9.3.2. Nanodisk fabrication 

Silica substrates were sonicated in acetone for 5 minutes, rinsed with isopropyl 

alcohol (IPA), and coated with a 70 nm thick layer of PMMA 950 resist (MicroChem), 

followed by a layer of conductive ESPACER (Showa Denko, 300Z) for charge 

dissipation. Following exposure, the ESPACER was removed using a water rinse, and the 

resist developed using 3:1 IPA:MIBK. An Al film was subsequently deposited using 

electron-beam evaporation at a rate of ~1 angstrom/second using a 99.999% pure source 

(Kamis), with a thickness of 35 nm as measured by a quartz crystal microbalance.  Liftoff 

to expose the nanodisks was performed at room temperature using acetone, followed by 

an isopropyl alcohol rinse.   

9.3.3. Hyperspectral UV darkfield microspectroscopy 

The unpolarized output of a continuum light source (Energetiq LDLS) was passed 

through a monochromator with a 1200 g/mm UV grating to select a narrow frequency 

band. The output slit of the monochromator was reimaged onto the sample surface using 

UV enhanced aluminum mirrors, uniformly illuminating the entire area of interest at an 

incidence angle of 50o. Scattered light was collected using a 15x, 0.28 NA finite 

conjugate objective (Edmund Optics, UV ReflX), and imaged onto a UV-enhanced CCD 

array (Princeton Instruments). Monochromatic images were obtained from 200 nm to 700 

nm in 5 nm increments with a 30 s exposure per wavelength. Extracted scattering spectra 

were corrected for the instrument response function using a UV-grade white calibration 

standard (Labsphere, Spectralon). All measurements were performed within a dry 
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nitrogen environment to minimize spectral artifacts, with less than 0.3% oxygen 

(Vernier) and 20 ppb ozone (Ozone Solutions). 

9.4. Effective medium models: Bruggeman and Maxwell-Garnett  

Effective medium approximations allow the calculation of the dielectric response 

 for a material comprised of small inclusions in a host medium, assuming both the host 

and inclusion dielectric responses are already known. The Bruggeman and Maxwell-

Garnett models are the most commonly employed:206  

Maxwell-Garnett Model 

	 − = 0      ,                       (9.3) 

 

Bruggeman Model + = 0      ,                       (9.4) 

where nAl and nox are the volume fractions of aluminum and oxide comprising the 

material, respectively.  
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Figure 9.6 | Dielectric responses for bulk aluminum with aluminum oxide inclusions. (a) 
Experimental dielectrics from ellipsometry characterized using a Drude fit. Calculations 
showing (b) the real, and  (c) imaginary components of the complex permittivity for both 
the Bruggeman effective medium approximation (solid lines) and the Maxwell-Garnett 
approximation (dashed lines).  

For identical oxide fractions we can compare calculated dielectric responses for 

an Al/Al2O3 composite to experimental values, using both the Bruggeman and Maxwell-

Garnett models (Figure 9.6). Experimentally tabulated values for  and  were 

employed for these calculations.103 In the limit of a small nox, where less than 10% of the 

composite is oxide, both models yield nearly identical results. As the volume fraction 

increases, however, the two theories diverge. The Bruggeman model shows a significant 

decrease in the real part of the dielectric response, with a corresponding rise in the 

imaginary component at short wavelengths. The simple Drude model used to fit the 

experimental values during ellipsometry omits the increase of  in the UV; 

however, near the plasmon resonance at λ = 450 nm all three experimental curves match 

the Bruggeman dielectric response well.  

250 350 450 550 650

0

5

10

15

20

25

30

ε im
ag

Wavelength (nm)

250 350 450 550 650

-70

-60

-50

-40

-30

-20

-10

0

 Pure Al
 9% oxide
 19% oxide
 27% oxide
 40% oxide
 50% oxide

ε re
al

Wavelength (nm)

250 350 450 550 650

-70

-60

-50

-40

-30

-20

-10

0

10

20

30

εimag

εreal

 9% oxide
 19% oxide
 27% oxide

ε

Wavelength (nm)

a b c



 
158 

 
The magnitude of the experimental decrease in  is not reproduced in the 

Maxwell-Garnett model, which is only valid for small volume fractions.206 The failure of 

the Maxwell-Garnett model for higher volume fractions of oxide can also be seen in the 

underlying mathematical asymmetry (Eqn. 9.3); when the oxide and aluminum dielectrics 

are exchanged in the equation, along with the related volume fractions, a different 

homogenized dielectric results. Given this weakness of the Maxwell-Garnett model for 

large oxide fractions, it is unsurprising that we find better agreement with the Bruggeman 

model (Eqn. 9.4), which is a symmetric formulation. 

 

Figure 9.7 | Experimental and calculated spectra for 100 nm Al discs. (a) The measured 
darkfield response of nanodisks shows a redshift and damping with increasing oxide 
fractions. This response is best captured by (b) the Bruggeman effective medium 
approximation. (c) The Maxwell-Garnett calculations less accurately reproduce the 
experimentally observed redshifts and damping. 

To examine the performance of the two effective medium approximations relative 

to our experimental results, calculations were performed for nanodisks 100 nm in 

diameter (Figure 9.7). While both approaches reasonably estimate the peak positions for 

our experimental range of 9% < nox  < 27%, there are significant differences. The 
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experimental measurements show a damped quadrupolar resonance at 9% oxide that is 

completely absent for higher fractions (Figure 9.7a). This measured effect is reproduced 

by the Bruggeman calculations (Figure 9.7b), while the Maxwell-Garnett calculations 

continue to exhibit a distinct quadrupolar shoulder over this range (Figure 9.7c). The 

experimental spectra also show significant damping with increased oxide fraction, in 

excess of the possible experimental error due to optical realignment for each sample. The 

presence of significant damping is captured in the Bruggeman calculations, but is almost 

completely absent for the spectra calculated using the Maxwell-Garnett dielectrics. Due 

to the quantitative agreement with our experimental results in calculating plasmon 

energies and linewidths, and qualitative agreement in amplitude, we choose to apply the 

Bruggeman model when calculating the dielectric response of homogenized Al/Al2O3.  

9.5. Conclusions 

This chapter has demonstrated the potential for Al as a high quality 

nanoplasmonic material in the UV/visible spectral regions, showcasing the critical 

importance of Al purity in achieving reproducible plasmonic properties. This requires 

careful control of oxide contamination during the deposition process. Conversely, an 

estimation of the oxide fraction may be achieved by matching the spectrum of a known 

plasmonic nanostructure with spectra calculated using the Bruggeman effective medium 

approximation. These findings pave the way to develop Al nanostructures for novel UV 

and visible range plasmonic applications, ultimately enabling high-area, low-cost, 

CMOS-compatible plasmonic devices and applications not currently possible with noble 

and coinage metals. 
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Chapter 10 

Aluminum Plasmonic Nanoantennas 

Aluminum nanoantennas offer tunability from the UV through the visible, with 

significantly lower material costs than many of the traditional plasmonic metals. 

In this chapter we use CL to directly image the plasmonic modes of Aluminum 

nanorods with a spatial resolution better 20 nm. These experimental results agree 

well with electrodynamic calculations, confirming that the local electromagnetic 

environment can be controlled with aluminum nanoantennas.167 

10.1. Introduction 

Plasmonics is currently a field of nanoscience enjoying remarkably rapid growth, 

due to interest in both its scientific underpinnings as well as its highly promising potential 

for real-world applications.3, 5, 80 By far, research in this field has utilized the coinage 

metals - gold, copper, and silver - yet many potential commercial applications would be 

optimally realized by inexpensive plasmonic materials compatible with either high-tech 
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or high-throughput manufacturing methods. Aluminum is the third most abundant 

element in the earth’s crust, behind oxygen and silicon.210 It has tremendous potential as a 

plasmonic material that could potentially serve as the metal of choice for either CMOS-

compatible or mass-producible plasmonic applications.  Unlike the noble metals, the d-

band of Al lies above its Fermi energy, allowing for plasmon resonances that extend 

beyond the visible region of the spectrum into the ultraviolet.  The surface oxide of Al 

self-terminates at a thickness of  2-3 nm, forming a durable protective layer and 

preserving the metal.22 Aluminum can exhibit strongly enhanced local fields due to the 

low screening of Al (ε∞ ≈ 1) relative to Au (ε∞ ≈ 9) and Ag (ε∞ ≈ 4), and to its higher 

electron density, contributing 3 electrons per atom compared to 1 electron per atom for 

Au and Ag.  Localized plasmon resonances in Al have been demonstrated in several 

geometries, including spheres,211-213 triangles,187, 202  discs,22, 186, 203  and rods.200, 214   

Applications where Al plasmonic nanostructures would be optimal include CMOS-

compatible, on-chip plasmonic nanoantennas, waveguides and interconnects, nonlinear 

plasmonics,214 inexpensive, disposable SERS substrates,184, 186 enhanced UV 

fluorescence,215 and energy harvesting structures171. 

An emerging tool for the study of plasmonic nanostructures is 

Cathodoluminescence (CL). An energetic electron beam incident on the structure excites 

many plasmon modes: photon emission from the radiative modes of the structure is then 

detected.   The high degree of spatially localized excitation due to the electron beam 

focus enables imaging of individual plasmon modes with nanometer-scale spatial 

resolution.28 Although CL detects only the radiative modes, it does so without perturbing 

the local dielectric environment like probe-based imaging, and is therefore an ideal 
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experimental method for studying the optical properties of ultrasmall structures. CL 

images of the plasmonic emission of an individual nanostructure map its wavelength-

dependent local density of optical states (LDOS), a measure of the electromagnetic 

modes into which an electric (or magnetic) dipole may emit.29, 216 The ability to 

experimentally visualize the LDOS at the single nanoparticle or nanostructure level is 

leading to the rapid adoption of this method as a powerful characterization tool within the 

field of nanoscale plasmonics.165-166, 217-218  

In this chapter we study the plasmonic properties of individual Al nanorod 

antennas using CL.  We present spatially resolved images of the radiating plasmon modes 

(LDOS) of Al nanorods with length-tunable resonances from the visible to the UV region 

of the spectrum.  The high degree of spatial and energetic resolution obtained permits 

direct comparison between numerical simulations and experiment, a crucial first step in 

the development of accurate design tools for many currently envisioned Al plasmonics 

applications. 

10.2. Nanoantenna fabrication 

The aluminum nanoantennas used in this study were fabricated by planar 

lithography on lightly doped (1-10 Ω-cm) n-type silicon with 30 nm of thermal oxide. 

This oxide thickness was chosen to isolate the plasmonic response of the resonators from 

the silicon substrate while minimizing the CL background due to luminescence of the 

silica.219 The nanostructures were patterned with electron beam lithography using ~70 nm 

thick PMMA resist (polymethyl methacrylate, 950 wt). The aluminum was then 
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deposited either by thermal or electron beam evaporation of pure aluminum, with the rate 

(1.5 Å/s) and thickness (30 nm) determined in situ with a quartz crystal microbalance 

(QCM). Due to good adhesion between silica and aluminum, no additional adhesion layer 

was required, avoiding the plasmonic damping that results from Ti or Cr adhesion layers 

normally used in the patterning of coinage metal nanostructures.220 Upon removal from 

the deposition chamber, a stable, 2-3 nm surface oxide (Al2O3)
22 formed on the 

nanostructures, encapsulating the remaining aluminum and protecting the devices against 

environmental degradation. Excess material was removed via liftoff in NMP (1-methyl-2-

pyrrolidone) heated to 60°C, and the sample was rinsed with isopropanol and dried with 

N2. SEM micrographs of the fabricated structures confirmed that the in-plane 

experimental dimensions agreed with the nominal dimensions to within measurement 

error (±2 nm). The 30 nm nanorod thickness, estimated during Al deposition, was 

confirmed by high angle SEM imaging. 

10.3. Cathodoluminescence imaging 

In the cathodoluminescence experiments, a focused electron beam (30 keV) 

incident on the nanostructure excites the plasmon modes of the structure.  The photons 

emitted from radiative decay of the plasmons are collected by a 0.89 N.A. parabolic 

mirror and directed into a filter/detector system (Gatan, MonoCL4 Elite) for counting. 

Raster-scanning the electron beam over the structure while collecting the emitted photons 

as a function of beam position enables the construction of excitability images 

proportional to the radiative local density of states (LDOS) of the structure.29  All CL 

maps were collected using an electron beam step size of 1.5 nm, yielding images with 
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sufficient spatial oversampling to allow post-acquisition noise reduction using a Gaussian 

low-pass filter. To ensure a sufficiently high photon count rate, all measurements were 

performed with a ~2 nA beam current.  Sample contamination during the scans was 

minimized by performing in situ N2 plasma cleaning of the sample and vacuum chamber 

prior to measurement.  All measurements were performed at a chamber pressure of 

~2x10-6 Torr.  Energy selectivity during imaging was achieved by using a combination of 

bandpass filters and an integrated Czerny-Turner monochromator.  The filters selected 

photons within energy bands from 2.1-2.4 eV (550 ± 40 nm), 2.5-3.0 eV (450 ± 40 nm), 

and 2.9-3.3 eV (400 ± 50 nm), with the highest energy measurements, spanning 3.3-3.8 

eV, taken using the monochromator (150 g/mm). These measurement bandwidths were 

selected as a compromise between spectral resolution and a photon count rate sufficient 

for imaging purposes. 

10.4. FDTD modeling 

Modeling of the structures was performed using the finite difference time domain 

method (FDTD, Lumerical). The nanorod dimensions were matched to the nominal 

dimensions specified during lithography, with a 5 nm radius of curvature on all exposed 

edges. To account for substrate effects, the simulated nanorods were positioned on top of 

an infinite silica slab. Spectral responses were calculated using normal incidence plane 

wave excitation and tabulated dielectric functions for both aluminum and silica.103 While 

the CL maps, strictly speaking, should be evaluated as the integrated radiation emitted by 

locally excited plasmon modes (LDOS),218 this would be a computationally expensive 

task. Our CL maps were therefore instead computed using a single plane wave incident 
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on the nanorod at 75 degrees off normal, which allowed excitation of both symmetric and 

antisymmetric modes. The resulting near-field map, calculated 5 nm above the nanorod 

surface, should closely approximate the radiative LDOS due to the close relationship 

between radiative decay probabilities and optical scattering cross sections.  

10.5. Nanorod modes and CL resolution 

Images of the local density of optical states were obtained using CL for both the 

longitudinal and transverse plasmon modes of a typical Al nanorod antenna (Figure 10.1).  

It is well established that plasmonic nanorods exhibit nondegenerate longitudinal and 

transverse plasmonic resonances.221-222  In Al, the nanorod plasmon modes extend from 

the visible into the UV region of the spectrum. For a 100 nm x 40 nm Al nanorod (Figure 

10.1a), the CL image reveals a longitudinal dipolar resonance when emission between 

2.3-2.9 eV is collected upon raster-scanning the incident electron beam.  For this mode, 

we clearly observe the highest LDOS at the short nanorod ends (Figure 10.1b).  The 

transverse plasmon mode, obtained from the collected photon emission in the 4.0-5.0 eV 

range, shows the LDOS concentrated along the longer nanorod edges (Figure 10.1c).  The 

photon energy collection ranges used in each of these two images encompass both dipolar 

modes calculated for the structure (Figure 10.1d).   

From the experimentally obtained maps of the Al nanorod LDOS we can 

determine the spatial resolution of the present CL imaging.  For the transverse mode, 

which exhibits the highest spatial confinement, we find a spatial FWHM of 20 nm in the 

measured CL emission. This is not a direct measure of the resolution, since the mode 
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itself has an associated width, but the FWHM places an upper limit of 20 nm on our 

achievable spatial resolution. The actual resolution is likely better than 20 nm, and is 

determined primarily by the spot size of the electron beam (<5 nm), and the spatial extent 

of the evanescent field of the energetic incident electrons, ~v/2ω, where v is the electron 

velocity and ω is the frequency of the emitted photons.29 For the spectral window 

accessed in this study (2.3-5.0 eV), the evanescent field extends from ~7.5 nm to ~15 nm 

beyond the electron beam waist, and is therefore the primary factor determining the 

spatial resolution of our CL images.  

 

Figure 10.1 | Mode resolved CL images. (a) SEM image of a 100 x 40 nm aluminum 
nanorod and energy-filtered CL images at the (b) longitudinal and (c) transverse plasmon 
emission peaks. Color scales are normalized. (d) Calculated scattering spectra 
corresponding to the experimental geometry illustrating the longitudinal (red) and 
transverse (blue) plasmonic modes. The experimental CL transmission filters used for 
photon collection for the transverse (Figure 10.1b) and longitudinal mode (Figure 10.1c) 
are indicated in Figure 10.1d as the red and blue shaded regions, respectively. 
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By measuring the radiative LDOS for several Al nanorod antennas of varying 

aspect ratios in a fixed spectral window, we may directly observe the geometric 

dependence of their plasmon modes (Figure 10.2). For a nearly symmetric, 40 nm x 50 

nm nanoantenna, the longitudinal and transverse modes are essentially degenerate, giving 

rise to a ring-like radiative LDOS image (Figure 10.2, top row) in the photon energy 

detection window between 2.5 and 3 eV.  Extending the nanorod to 100 nm length breaks 

this degeneracy and creates a strong longitudinal dipole mode whose radiation dominates 

over the transverse mode.  As the antenna length is increased further, the longitudinal 

dipolar resonance shifts to lower photon energies outside the photon energy detection 

band. As the rod becomes longer all longitudinal modes redshift. For the longest antenna 

structure, a longitudinal quadrupolar mode has shifted into the photon energy collection 

window (Figure 10.2, bottom row).  This strongly radiating linear quadrupolar mode, 

which would be a nonradiative ‘dark’ mode in the quasistatic limit, is here visible due to 

phase retardation. Retardation effects are particularly strong for plasmonic Al structures 

due to their high plasmon energies compared to other metals. The onset of phase 

retardation and strong radiative coupling occurs when the spatial extent of the structure is 

larger than nominally a quarter of the wavelength of the plasmon resonance. The lengths 

of the nanorod structures in the two bottom panels of Figure 10.2 (250 and 300 nm) are 

larger than half the wavelength of their plasmon resonances (300-500 nm) and can very 

efficiently couple to free space radiation.  Clearly one would anticipate additional higher 

order radiative modes if the absolute length of the nanoantenna was further increased.  

The agreement between the experimentally measured CL maps and the calculated 

LDOS is excellent. The small differences between the LDOS amplitudes at the rod ends 
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relative to the center may be the result of the Al2O3 capping layer or the presence of grain 

boundaries in the Al nanostructures, both of which could modify the resonance frequency 

and charge distribution of the nanostructure. In our simulations a pure aluminum 

structure with a local dielectric function corresponding to bulk Al was assumed;103 

nonlocal effects and possible deviations from bulk dielectric values were not included. 

Another contribution to the slight discrepancy could be due to our simple approximation 

of the radiative LDOS as the total field enhancement 5 nm above the particle under plane 

wave excitation. In CL, the incident electron beam can be viewed as a line current density 

source which can interact only with the vertical field component of the plasmonic 

mode.218  

 Background noise in the experimental CL images is due to a combination of 

luminescence from the substrate and transition radiation (TR), which results when an 

energetic electron crosses the interface between two disparate dielectric media.28, 219 The 

substrate luminescence likely originates from point defects in the silica layer.219 

However, within the 2.5-3.0 eV photon collection range, emission from radiative 

plasmon modes clearly dominates the images, allowing us to easily resolve the plasmon 

modes against a relatively weak background signal.  
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Figure 10.2 | Influence of aspect ratio on the CL of single aluminum nanorods. (a) CL 
excitability images for the energy range 2.5-3.0 eV along with the associated (b) 
secondary electron images of the nanorods acquired in parallel with CL. (c) Calculated 
electromagnetic field distributions for the experimental geometry. All scale bars are 100 
nm. 

10.6. Aluminum nanorod spectra 

In Figure 10.3, we show the calculated scattering spectra for a series of Al 

nanorods of increasing length that also will be used in CL imaging.  As the nanorod 

antenna becomes longer, the longitudinal dipole resonance shifts to lower energies and 

narrows, and higher order longitudinal modes begin to emerge (Figure 10.3a). In contrast, 

the transverse resonance is only very weakly dependent on nanorod length, exhibiting a 

slight blue shift with increasing rod length (Figure 10.3c). Both longitudinal and 

transverse modes exhibit increased scattering with rod length. Since our calculations were 

performed using normal incidence plane wave excitation, these spectra show only the odd 

numbered ‘bright’ modes (n=1, n=3, …) with finite dipole moments. Also, while the peak 
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width decreases monotonically across our simulated spectral range as the peak shifts to 

lower energies, there should be a subsequent increase in the FWHM near 1.5 eV due to 

interband transitions.22  

 

Figure 10.3 |  Scattering spectra calculated for normal incidence excitation of Al nanorod 
antennas of increasing length for (a) longitudinal and (c) transverse polarization. The 
dimensions of the structures are extracted from SEM images (b) of the fabricated Al 
nanorod antennas.  
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10.7. Spatial and energy-resolved LDOS maps 

In Figure 10.4 we use energy-resolved CL imaging to visualize the spatial 

dependence of the LDOS across four different energy windows in the 2 to 4 eV photon 

energy range for the structures shown in Figure 10.3.  For the smallest nanorod antennas 

with degenerate longitudinal and transverse modes (40 x 40 nm nanorods) we observe a 

ring-shaped excitability map across the entire spectral range, with greatest emission 

intensity at highest photon energies (Figure 10.4a). For longer nanorod antennas, distinct 

transverse and longitudinal resonances are again observed.  For a given energy window, 

as the nanorod length is increased, the longitudinal mode first strengthens, and then 

weakens, as the resonance redshifts across the collection window.  For the lowest photon 

energy collection window (2.1-2.4 eV, first column), only dipolar emission from the 

longitudinal mode is observed.  For the three higher photon energy collection ranges, a 

significant evolution in the LDOS image is observed, transitioning from longitudinal to 

transverse radiators as the antenna length increases. The emission intensity for each 

energy range is maximized by a nanorod antenna of a particular length.  

These experimental trends can be compared with the simulations presented in 

Figure 10.3 by extracting the relative scattering amplitude from each nanorod antenna 

from the normalized LDOS images. In this analysis (Figure 10.4b), the background 

emission is removed from the measured integrated emission intensity.  For each antenna 

length and photon energy collection window, the integrated emission intensity was 

obtained from CL images of four individual nanoantennas.  The error bars on each 
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experimental data point show the standard deviation due to antenna-to-antenna size 

variation for four nominally identical nanorods.  

The experimental scattering response exhibits a distinct antenna length 

dependence within each photon energy collection window (Figure 10.4b).  For the lowest 

photon energy range (Figure 10.4b, I), a single distinct maximum is observed, 

corresponding to a 100 x 40 nm nanorod antenna whose dipolar plasmon directly 

overlaps this photon energy range. The radiative decay from the nanorod plasmons tuned 

to either side of this peak cannot be captured as efficiently.  The asymmetry of the 

emission peak results from the weaker scattering intensity of the shorter nanorods. This 

single, asymmetric peak is reproduced well in the FDTD calculations, where the dipolar 

scattering cross sections as a function of rod length are plotted (Figure 10.4c, I).  

In the higher photon energy collection windows, the emission peak shifts toward 

shorter nanorods, but with a relative increase in the emission observed for longer nanorod 

antennas (Figure 10.4b-c, II-IV). The shift in the emission peak from 100 nm to 60 nm 

nanorod length is attributable to the blueshift of the nanorod resonance with decreasing 

length (seen also in Figure 10.3b). The increased emission for longer rods is due both to 

the increased radiation from longer rods and to a change in the relative emission 

amplitudes of the transverse and longitudinal resonances (Figure 10.4c). When the 

theoretical emission intensity is decomposed into its relative longitudinal and transverse 

contributions (dotted and solid lines respectively), we see that the transverse contribution 

is negligible for low energy resonances (I). At higher energies the transverse contribution 

increases (II, III), and for the highest photon energy range measured (3.3-3.8 eV), the 

transverse mode emits photons as efficiently as the longitudinal mode (IV). The 
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agreement between the measured and calculated emission intensities is excellent for the 

three lowest photon energy windows. For the highest photon collection window (Figure 

10.4b,c-IV), the measured emission exhibits a clear peak at 60 nm corresponding to the 

longitudinal resonance, and a second rise in emission for longer nanorods. This broad 

peak, which can be clearly visualized as the transverse resonance (Figure 10.4a), only 

appears in the calculated response as a rise in intensity. This discrepancy may be due to 

measurement error, given that the 3.3-3.8 eV bandpass yielded the lowest photon count 

rate. It is also possible that surface effects, such as the presence of the thin Al2O3 oxide 

layer or grain structure, may play a role; surface effects can exert significantly more 

influence on the electromagnetic response at higher energies. 

10.8. Conclusions 

We have examined the plasmonic properties of Al nanorod antennas, which 

exhibit highly tunable plasmonic resonances from the deep UV through the visible region 

of the spectrum. The radiative nanoantenna resonances, which include dipolar and 

quadrupolar plasmon modes, were imaged using energy resolved cathodoluminescence, 

with a spatial resolution of nominally 20 nm. The dependence of the nanoantenna 

radiative modes on antenna length and photon energy was found to agree well with 

FDTD-based analysis of these nanostructures.  Our results suggest that aluminum 

provides a practical and highly promising material system for the design and 

implementation of UV and visible frequency plasmonics, broadening the range of 

potential applications of plasmonics into areas where CMOS compatibility or low-cost, 

mass producibility are desired. 
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Figure 10.4 | (a) SEM images with the associated CL images of individual aluminum 
nanorod antennas obtained for antenna lengths varied from 40-150 nm (horizontal rows), 
over a range of four photon energy collection windows: 2.1-2.4 eV, 2.5-3.0 eV, 2.9-3.3 
eV, and 3.3-3.8 eV (vertical columns). The color scale of the images is normalized for 
each photon energy collection window. (b) Normalized CL emission intensity for each 
wire length at 2.1-2.4 eV (I, red), 2.5-3.0 eV (II, green), 2.9-3.3 eV (III, blue), and 3.3-3.8 
eV (IV, black). (c) Calculated scattering amplitudes for excitation at 2.4 eV (I, red), 3.0 
eV (II, green), 3.3 eV (III, blue), and 3.8 eV (IV, black) as a function of antenna length. 
The relative longitudinal and transverse contributions are indicated by dotted and solid 
gray lines, respectively. 

 

 

40 60 80 100 120 140

C
L 

A
m

p
lit

u
d

e 
(a

.u
.)

Length (nm)
40 60 80 100 120 140

S
ca

tt
e

rin
g 

(a
.u

.)

Length (nm)

(a) (b) (c)Experiment Theory

40 nm

50 nm

60 nm

70 nm

80 nm

90 nm

100 nm

110 nm

120 nm

130 nm

140 nm

150 nm

SEM 3.3–3.8 eV2.9–3.3 eV2.5–3.0 eV2.1–2.4 eV

I

II

III

IV

I

II

III

IV



 
175 

 

Chapter 11 

Summary 

This thesis has described three fundamental areas in plasmonics: substrate 

mediated optical responses, electrically active nanoantennas, and aluminum as a material 

enabling ultraviolet devices. Understanding both the role of the substrate and the 

microscope itself is critical in plasmonics given the importance of darkfield 

microspectroscopy as a characterization tool.  Electrically active devices, based on 

plasmon-driven internal photoemission of hot electrons, were demonstrated using both 

Au nanorods and nanowires as the optically active element. These proof-of-concept 

designs have established a general approach for the design of future optoelectronic 

plasmonic devices. Such devices will be based on photon harvesting through plasmon 

resonances, and the successive decay of those plasmons into energetic carriers. The 

carriers may be harvested through the presence of a proximal potential barrier, which 

provides a mechanism for charge separation and the reduction of losses due to 

recombination. The placement of this barrier is of critical importance, however, as a 

result of the directional emission resulting from plasmon decay. Nanogaps in these 
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devices, either resulting from high electrical current or mechanical strain, have also been 

shown to yield high field enhancements. Such nanogaps may prove important for sensing 

applications. Finally, we have demonstrated the use of aluminum as a controllable 

material for plasmonic devices. Obtaining control over the resonances required a 

simultaneous characterization of both the surface and bulk oxidation, where the plasmon 

resonances were observed to depend sensitively on the degree of bulk oxidation. 

Experimental maps of the LDOS for aluminum resonators confirm that aluminum 

behaves as a plasmonic material, and demonstrate that for nearly-pure Al a close 

agreement between experimental and theoretical values can be obtained using tabulated 

dielectric functions. The ability of Al to serve as a stable, tunable plasmonic material 

throughout the UV and Visible makes it a viable alternative to the coinage metals (Au, 

Ag, Cu) for many applications. In addition to providing a platform for engineering UV 

resonances, aluminum may also prove important for hybrid electronic/plasmonic devices 

where CMOS processing is required or for large area devices where material cost 

becomes significant. These three areas – optical characterization, electrical integration, 

and spectral extension - lay a foundation for the next generation of plasmonic devices. 

 



 
177 

 

Bibliography 

1. Abbe, E. "Beiträge Zur Theorie Des Mikroskops Und Der Mikroskopischen 
Wahrnehmung," Archiv f. Mikrosk. Anatomie 1873, 9, 413-468. 

2. Ritchie, R. H. "Plasma Losses by Fast Electrons in Thin Films," Phys. Rev. 1957, 
106, 874-881. 

3. Lal, S.; Link, S.; Halas, N. J. "Nano-Optics from Sensing to Waveguiding," 
Nature Photon. 2007, 1, 641-648. 

4. Brus, L. "Noble Metal Nanocrystals: Plasmon Electron Transfer Photochemistry 
and Single-Molecule Raman Spectroscopy," Accounts Chem. Res. 2008, 41, 1742-1749. 

5. Atwater, H. A.; Polman, A. "Plasmonics for Improved Photovoltaic Devices," 
Nature Mater. 2010, 9, 205-213. 

6. Halas, N. J.; Lal, S.; Chang, W. S.; Link, S.; Nordlander, P. "Plasmons in 
Strongly Coupled Metallic Nanostructures," Chem. Rev. 2011, 111, 3913-3961. 

7. Halas, N. J.; Lal, S.; Link, S.; Chang, W. S.; Natelson, D.; Hafner, J. H.; 
Nordlander, P. "A Plethora of Plasmonics from the Laboratory for Nanophotonics at Rice 
University," Adv. Mater. 2012, 24, 4842-4877. 

8. Prodan, E.; Radloff, C.; Halas, N. J.; Nordlander, P. "A Hybridization Model for 
the Plasmon Response of Complex Nanostructures," Science 2003, 302, 419-422. 

9. Wang, H.; Brandl, D. W.; Nordlander, P.; Halas, N. J. "Plasmonic Nanostructures: 
Artificial Molecules," Accounts of Chemical Research 2007, 40, 53-62. 

10. Willingham, B.; Brandl, D. W.; Nordlander, P. "Plasmon Hybridization in 
Nanorod Dimers," Appl. Phys. B 2008, 93, 209-216. 

11. Brandl, D. W.; Oubre, C.; Nordlander, P. "Plasmon Hybridization in Nanoshell 
Dimers," J. Chem. Phys. 2005, 123. 

12. Brandl, D. W.; Nordlander, P. "Plasmon Modes of Curvilinear Metallic 
Core/Shell Particles," Journal of Chemical Physics 2007, 126. 

13. Nordlander, P.; Oubre, C.; Prodan, E.; Li, K.; Stockman, M. I. "Plasmon 
Hybridization in Nanoparticle Dimers," Nano Lett. 2004, 4, 899-903. 



 
178 

 
14. Le, F.; Lwin, N. Z.; Steele, J. M.; Kall, M.; Halas, N. J.; Nordlander, P. 
"Plasmons in the Metallic Nanoparticle - Film System as a Tunable Impurity Problem," 
Nano Letters 2005, 5, 2009-2013. 

15. Grady, N. K.; Halas, N. J.; Nordlander, P. "Influence of Dielectric Function 
Properties on the Optical Response of Plasmon Resonant Metallic Nanoparticles," Chem. 
Phys. Lett. 2004, 399, 167-171. 

16. Johnson, P. B.; Christy, R. W. "Optical Constants of the Noble Metals," Phys. 
Rev. B 1972, 6, 4370-4379. 

17. Palik, E. D. Handbook of Optical Constants. Academic Press: San Diego, 1998. 

18. Olmon, R. L.; Slovick, B.; Johnson, T. W.; Shelton, D.; Oh, S. H.; Boreman, G. 
D.; Raschke, M. B. "Optical Dielectric Function of Gold," Phys. Rev. B 2012, 86. 

19. Smith, D. Y.; Shiles, E.; Inokuti, M. Optical Properties and Complex Dielectric 
Function of Metallic Aluminum from 0.04 to 10 Exp 4 eV; Argonne National Lab: 
Argonne, IL, 1983; p 60. 

20. Link, S.; El-Sayed, M. A. "Shape and Size Dependence of Radiative, Non-
Radiative and Photothermal Properties of Gold Nanocrystals," Int. Rev. Phys. Chem. 
2000, 19, 409-453. 

21. Ehrenreich, H.; Philipp, H. R.; Segall, B. "Optical Properties of Aluminum," 
Phys. Rev. 1963, 132, 1918-1928. 

22. Langhammer, C.; Schwind, M.; Kasemo, B.; Zoric, I. "Localized Surface 
Plasmon Resonances in Aluminum Nanodisks," Nano Lett. 2008, 8, 1461-1471. 

23. Schottky, W. "Vereinfachte Und Erweiterte Theorie Der Randschicht-
Gleichrichter," Zeitschrift für Physik 1942, 118, 539-592. 

24. Sze, S. M.; Ng, K. K. Physics of Semiconductor Devices. 3rd ed.; John Wiley & 
Sons, Inc.: Hoboken, NJ, 2007; p 815. 

25. Batra, I. P.; Tekman, E.; Ciraci, S. "Theory of Schottky-Barrier and 
Metallization," Prog. Surf. Sci. 1991, 36, 289-361. 

26. Fowler, R. H. "The Analysis of Photoelectric Sensitivity Curves for Clean Metals 
at Various Temperatures," Phys. Rev. 1931, 38, 45-56. 

27. Bethe, H. A. "Theory of the Boundary Layer of Crystal Rectifiers," MIT Radiat. 
Lab. Rep. 1942, 43. 



 
179 

 
28. García de Abajo, F. J. "Optical Excitations in Electron Microscopy," Rev. Mod. 
Phys. 2010, 82, 209-275. 

29. Kuttge, M.; Vesseur, E. J. R.; Koenderink, A. F.; Lezec, H. J.; Atwater, H. A.; 
Garcia de Abajo, F. J.; Polman, A. "Local Density of States, Spectrum, and Far-Field 
Interference of Surface Plasmon Polaritons Probed by Cathodoluminescence," Phys. Rev. 
B 2009, 79, 113405. 

30. García de Abajo, F. J. Transition Radiation and Surface-Plasmon Generation by 
an Electron Beam. http://nanophotonics.csic.es/widgets/TR/index.html. 
31. Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. C. "The Optical Properties of 
Metal Nanoparticles: The Influence of Size, Shape, and Dielectric Environment," J. Phys. 
Chem. B 2003, 107, 668-677. 

32. Köhler, A. "Ein Neues Beleuchtungsverfahren Für Mikrophotographische 
Zwecke," Zeitschrift für wissenschaftliche Mikroskopie und für Mikroskopische Technik 
1893, 10, 433-440. 

33. Zhang, L.; Aite, S.; Yu, Z. "Unique Laser-Scanning Optical Microscope for Low-
Temperature Imaging and Spectroscopy," Rev. Sci. Instrum. 2007, 78. 

34. Lutus, P. OpticalRayTracer. http://arachnoid.com/OpticalRayTracer. 
35. Lassiter, J. B. Complex Plasmonic Nanostructures: Symmetry Breaking and 
Coupled Systems. Rice University, Houston, TX, 2012. 

36. Moore, J. H.; Davis, C. C.; Coplan, M. A.; Greer, S. C. Building Scientific 
Apparatus. 4th ed.; Cambridge University Press: Cambridge, UK ; New York, 2009; p 
xiii, 647 p. 

37. Demtröder, W. Laser Spectroscopy. 4th ed.; Springer: Berlin, 2008; p 987. 

38. Lippmann, M. "Health-Effects of Ozone - a Critical-Review," J. Air. Pollut. 
Contr. Assoc. 1989, 39, 672-695. 

39. Baker, S. N.; Baker, G. A. "Luminescent Carbon Nanodots: Emergent 
Nanolights," Angew. Chem. Int. Edit. 2010, 49, 6726-6744. 

40. Russo, C.; Stanzione, F.; Alfe, M.; Ciajolo, A.; Tregrossi, A. "Spectral Analysis 
in the UV-Visible Range for Revealing the Molecular Form of Combustion-Generated 
Carbonaceous Species," Combust. Sci. Technol. 2012, 184, 1219-1231. 

41. Kockarts, G. "Aeronomy, a 20th Century Emergent Science: The Role of Solar 
Lyman Series," Annales Geophysicae 2002, 20, 585-598. 



 
180 

 
42. Knight, M. W.; Wu, Y.; Lassiter, J. B.; Nordlander, P.; Halas, N. J. "Substrates 
Matter: Influence of an Adjacent Dielectric on an Individual Plasmonic Nanoparticle," 
Nano Lett. 2009, 9, 2188-2192. 

43. Nordlander, P.; Prodan, E. "Plasmon Hybridization in Nanoparticles near Metallic 
Surfaces," Nano Lett. 2004, 4, 2209-2213. 

44. Mock, J. J.; Hill, R. T.; Degiron, A.; Zauscher, S.; Chilkoti, A.; Smith, D. R. 
"Distance-Dependent Plasmon Resonant Coupling between a Gold Nanoparticle and 
Gold Film," Nano Lett. 2008, 8, 2245-2252. 

45. Le, F.; Lwin, N. Z.; Steele, J. M.; Käll, M.; Halas, N. J.; Nordlander, P. 
"Plasmons in the Metallic Nanoparticle-Film System as a Tunable Impurity Problem," 
Nano Lett. 2005, 5, 2009-2013. 

46. Lévêque, G.; Martin, O. J. F. "Optical Interactions in a Plasmonic Particle 
Coupled to a Metallic Film," Opt. Expr. 2006, 14, 9971-9981. 

47. Curry, A.; Nusz, G.; Chilkoti, A.; Wax, A. "Substrate Effect on Refractive Index 
Dependence of Plasmon Resonance for Individual Silver Nanoparticles Observed Using 
Darkfield Micro-Spectroscopy," Opt. Expr. 2005, 13, 2668-2677. 

48. Ruppin, R. "Surface Modes and Optical Absorption of a Small Sphere above a 
Substrate," Surf. Sci. 1983, 127, 108-118. 

49. Ruppin, R. "Optical Absorption of a Coated Sphere above a Substrate," Physica A 
1991, 178, 195-205. 

50. Videen, G. "Light Scattering from a Sphere on or near a Surface : errata," J. Opt. 
Soc. Am. A 1992, 9, 844-845. 

51. Videen, G. "Light Scattering from a Sphere on or near a Surface," J. Opt. Soc. 
Am. A 1991, 8, 483-489. 

52. Eremina, E.; Eremin, Y.; Wriedt, T. "Simulations of Light Scattering Spectra of a 
Nanoshell on Plane Interface Based on the Discrete Sources Method," Opt. Comm. 2006, 
267, 524-529. 

53. Malinsky, M. D.; Lance Kelly, K.; Schatz, G. C.; Van Duyne, R. P. "Nanosphere 
Lithography: Effect of Substrate on the Localized Surface Plasmon Resonance Spectrum 
of Silver Nanoparticles," J. Phys. Chem. B 2001, 105, 2343-2350. 

54. Wu, Y. P.; Nordlander, P. "Finite-Difference Time-Domain Modeling of the 
Optical Properties of Nanoparticles near Dielectric Substrates," J. Phys. Chem. C 2010, 
114, 7302-7307. 



 
181 

 
55. Oldenburg, S. J.; Averitt, R. D.; Westcott, S. L.; Halas, N. J. "Nanoengineering of 
Optical Resonances," Chem. Phys. Lett. 1998, 288, 243-247. 

56. Brinson, B. E.; Lassiter, J. B.; Levin, C. S.; Bardhan, R.; Mirin, N.; Halas, N. J. 
"Nanoshells Made Easy: Improving Au Layer Growth on Nanoparticle Surfaces," 
Langmuir 2008, 24, 14166-14171. 

57. Nehl, C. L.; Grady, N. K.; Goodrich, G. P.; Tam, F.; Halas, N. J.; Hafner, J. H. 
"Scattering Spectra of Single Gold Nanoshells," Nano Lett. 2004, 4, 2355-2359. 

58. Wang, H.; Wu, Y.; Lassiter, J. B.; Nehl, C. L.; Hafner, J. H.; Nordlander, P.; 
Halas, N. J. "Symmetry Breaking in Individual Plasmonic Nanoparticles," PNAS 2006, 
103, 10856-10860. 

59. Lassiter, J. B.; Aizpurua, J.; Hernandez, L. I.; Brandl, D. W.; Romero, I.; Lal, S.; 
Hafner, J. H.; Nordlander, P.; Halas, N. J. "Close Encounters between Two Nanoshells," 
Nano Lett. 2008, 8, 1212-1218. 

60. Knight, M. W.; Halas, N. J. "Nanoshells to Nanoeggs to Nanocups: Optical 
Properties of Reduced Symmetry Core–Shell Nanoparticles Beyond the Quasistatic 
Limit," New J. Phys. 2008, 10, 105006. 

61. Urzhumov, Y. In Nano-Photonics and Plasmonics in Comsol Multiphysics, 
COMSOL Conference 2008, Boston, COMSOL: Boston, 2008; p 68. 

62. Kvietkova, J.; Daniel, B.; Hetterich, M.; Schubert, M.; Spemann, D. "Optical 
Properties of ZnSe and Zn0.87Mn0.13Se Epilayers Determined by Spectroscopic 
Ellipsometry," Thin Solid Films 2004, 455-456, 228-230. 

63. Stratton, J. A. Electromagnetic Theory. McGraw-Hill: New York, 1941. 

64. Prodan, E.; Radloff, C.; Halas, N. J.; Nordlander, P. "A Hybridization Model for 
the Plasmon Response of Complex Nanostructures," Science 2003, 302, 419-422. 

65. Knight, M. W.; Fan, J.; Capasso, F.; Halas, N. J. "Influence of Excitation and 
Collection Geometry on the Dark Field Spectra of Individual Plasmonic Nanostructures," 
Opt. Expr. 2010, 18, 2579-2587. 

66. Novotny, L.; Hecht, B. Principles of Nano-Optics. Cambridge University Press: 
Cambridge, 2006. 

67. Kreibig, U.; Vollmer, M. Optical Properties of Metal Clusters. Springer: New 
York, 1995. 



 
182 

 
68. Bharadwaj, P.; Deutsch, B.; Novotny, L. "Optical Antennas," Adv. Opt. Phot. 
2009, 1, 438-483. 

69. Hu, M.; Novo, C.; Funston, A.; Wang, H.; Staleva, H.; Zou, S.; Mulvaney, P.; 
Xia, Y.; Hartland, G. V. "Dark-Field Microscopy Studies of Single Metal Nanoparticles: 
Understanding the Factors That Influence the Linewidth of the Localized Surface 
Plasmon Resonance," J. Mater. Chem. 2008, 18, 1949-1960. 

70. Marhaba, S.; Bachelier, G.; Bonnet, C.; Broyer, M.; Cottancin, E.; Grillet, N.; 
Lermé, J.; Vialle, J.-L.; Pellarin, M. "Surface Plasmon Resonance of Single Gold 
Nanodimers near the Conductive Contact Limit," J. Phys. Chem. C 2009, 113, 4349-
4356. 

71. Zuloaga, J.; Prodan, E.; Nordlander, P. "Quantum Description of the Plasmon 
Resonances of a Nanoparticle Dimer," Nano Lett. 2009, 9, 887-891. 

72. Sönnichsen, C.; Geier, S.; Hecker, N.; von Plessen, G.; Feldmann, J.; Ditlbacher, 
H.; Lamprecht, B.; Krenn, J.; Aussenegg, F.; Chan, V., et al. "Spectroscopy of Single 
Metallic Nanoparticles Using Total Internal Reflection Microscopy," Appl. Phys. Lett. 
2000, 77, 2949-2951. 

73. Sönnichsen, C.; Franzl, T.; Wilk, T.; von Plessen, G.; Feldmann, J.; Wilson, O.; 
Mulvaney, P. "Drastic Reduction of Plasmon Damping in Gold Nanorods," Phys. Rev. 
Lett. 2002, 88, 077402. 

74. Mock, J. J.; Barbic, M.; Smith, D. R.; Schultz, D.; Schultz, S. "Shape Effects in 
Plasmon Resonance of Individual Colloidal Silver Nanoparticles," J. Chem. Phys. 2002, 
116, 6755-6759. 

75. Mock, J. J.; Smith, D. R.; Schultz, S. "Local Refractive Index Dependence of 
Plasmon Resonance Spectra from Individual Nanoparticles," Nano Lett. 2003, 3, 485-
491. 

76. Schultz, S.; Smith, D.; Mock, J.; Schultz, D. "Single-Target Molecule Detection 
with Nonbleaching Multicolor Optical Immunolabels," P. Natl. Acad. Sci. USA 2000, 97, 
996-1001. 

77. Beitia, C.; Borensztein, Y.; Lazzari, R.; Nieto, J.; Barrera, R. G. "Substrate-
Induced Multipolar Resonances in Supported Free-Electron Metal Spheres," Phys. Rev. B 
1999, 60, 6018-6022. 

78. Moreno, F.; González, F.; Saiz, J. M. "Plasmon Spectroscopy of Metallic 
Nanoparticles above Flat Dielectric Substrates," Opt. Expr. 2006, 31, 1902-4. 



 
183 

 
79. Juškaitis, R. Characterizing High Numerical Aperture Microscope Objective 
Lenses. In Optical Imaging and Microscopy, 2 ed.; Török, P.; Kao, F.-J., Eds. Springer: 
Berlin, 2007; Vol. 87, pp 21-43. 

80. Knight, M. W.; Sobhani, H.; Nordlander, P.; Halas, N. J. "Photodetection with 
Active Optical Antennas," Science 2011, 332, 702-704. 

81. Muhlschlegel, P.; Eisler, H. J.; Martin, O. J. F.; Hecht, B.; Pohl, D. W. "Resonant 
Optical Antennas," Science 2005, 308, 1607-1609. 

82. Gobin, A. M.; Lee, M. H.; Halas, N. J.; James, W. D.; Drezek, R. A.; West, J. L. 
"Near-Infrared Resonant Nanoshells for Combined Optical Imaging and Photothermal 
Cancer Therapy," Nano Lett. 2007, 7, 1929-34. 

83. Ishi, T.; Fujikata, J.; Makita, K.; Baba, T.; Ohashi, K. "Si Nano-Photodiode with a 
Surface Plasmon Antenna," Jpn. J. Appl. Phys. 2005, 44, L364-L366. 

84. Yu, N.; Fan, J.; Wang, Q. J.; Pflügl, C.; Diehl, L.; Edamura, T.; Yamanishi, M.; 
Kan, H.; Capasso, F. "Small-Divergence Semiconductor Lasers by Plasmonic 
Collimation," Nature Photon. 2008, 7. 

85. Westphalen, M.; Kreibig, U.; Rostalski, J.; Luth, H.; Meissner, D. "Metal Cluster 
Enhanced Organic Solar Cells," Sol. Energy Mater. Sol. Cells 2000, 61, 97-105. 

86. Tang, L.; Kocabas, S. E.; Latif, S.; Okyay, A. K.; Ly-Gagnon, D. S.; Saraswat, K. 
C.; Miller, D. A. B. "Nanometre-Scale Germanium Photodetector Enhanced by a near-
Infrared Dipole Antenna," Nature Photon. 2008, 2, 226-229. 

87. Hofmann, J.; Steinman, W. "Plasma Resonance in Photoemission of Silver," 
Phys. Status Solidi 1968, 30, K53. 

88. Endriz, J.; Spicer, W. "Surface-Plasmon-One-Electron Decay and Its Observation 
in Photoemission," Phys. Rev. Lett. 1970, 24, 64-68. 

89. Inagaki, T.; Kagami, K.; Arakawa, E. "Photoacoustic Observation of Nonradiative 
Decay of Surface-Plasmons in Silver," Phys. Rev. B 1981, 24, 3644-3646. 

90. Inagaki, T.; Kagami, K.; Arakawa, E. T. "Photoacoustic Study of Surface 
Plasmons in Metals," Appl. Opt. 1982, 21, 949-954. 

91. Lehmann, J.; Merschdorf, M.; Pfeiffer, W.; Thon, A.; Voll, S.; Gerber, G. 
"Surface Plasmon Dynamics in Silver Nanoparticles Studied by Femtosecond Time-
Resolved Photoemission," Phys. Rev. Lett. 2000, 85, 2921-2924. 



 
184 

 
92. Stuckless, J. T.; Moskovits, M. "Enhanced 2-Photon Photoemission from Coldly 
Deposited Silver Films," Phys. Rev. B 1989, 40, 9997-9998. 

93. Shalaev, V. M.; Douketis, C.; Stuckless, J. T.; Moskovits, M. "Light-Induced 
Kinetic Effects in Solids," Phys. Rev. B 1996, 53, 11388-11402. 

94. Redmond, P. L.; Brus, L. E. ""Hot Electron" Photo-Charging and Electrochemical 
Discharge Kinetics of Silver Nanocrystals," J. Phys. Chem. C 2007, 111, 14849-14854. 

95. Jin, R. C.; Cao, Y. W.; Mirkin, C. A.; Kelly, K. L.; Schatz, G. C.; Zheng, J. G. 
"Photoinduced Conversion of Silver Nanospheres to Nanoprisms," Science 2001, 294, 
1901-1903. 

96. Jin, R. C.; Cao, Y. C.; Hao, E. C.; Metraux, G. S.; Schatz, G. C.; Mirkin, C. A. 
"Controlling Anisotropic Nanoparticle Growth through Plasmon Excitation," Nature 
2003, 425, 487-490. 

97. Wu, X. M.; Thrall, E. S.; Liu, H. T.; Steigerwald, M.; Brus, L. "Plasmon Induced 
Photovoltage and Charge Separation in Citrate-Stabilized Gold Nanoparticles," J. Phys. 
Chem. C 2010, 114, 12896-12899. 

98. Scales, C.; Berini, P. "Thin-Film Schottky Barrier Photodetector Models," IEEE 
J. Quantum. Elect. 2010, 46, 633-643. 

99. Cowley, A. M. "Titanium-Silicon Schottky Barrier Diodes," Solid State Electron. 
1970, 13, 403-414. 

100. Pérez-Juste, J.; Pastoriza-Santos, I.; Liz-Marzan, L. M.; Mulvaney, P. "Gold 
Nanorods: Synthesis, Characterization and Applications," Coord. Chem. Rev. 2005, 249, 
1870-1901. 

101. Murphy, C. J.; Jana, N. R. "Controlling the Aspect Ratio of Inorganic Nanorods 
and Nanowires," Adv. Mater. 2002, 14. 

102. Laux, S.; Kaiser, N.; Zoller, A.; Gotzelmann, R.; Lauth, H.; Bernitzki, H. "Room-
Temperature Deposition of Indium Tin Oxide Thin Films with Plasma Ion-Assisted 
Evaporation," Thin Solid Films 1998, 335, 1-5. 

103. Palik, E. D. Handbook of Optical Constants of Solids. Academic Press: San 
Diego, CA, 1998; Vol. 3. 

104. Rogalski, A. "Infrared Detectors: Status and Trends," Prog. Quant. Electr. 2003, 
27, 59-210. 



 
185 

 
105. Knight, M. W.; Wang, Y. M.; Urban, A. S.; Sobhani, A.; Zheng, B. Y.; 
Nordander, P.; Halas, N. J. "Embedding Plasmonic Nanostructure Diodes Enhances Hot 
Electron Emission," Nano Letters 2013, 13, 1687-1692. 

106. Warren, S. C.; Walker, D. A.; Grzybowski, B. A. "Plasmoelectronics: Coupling 
Plasmonic Excitation with Electron Flow," Langmuir 2012, 28, 9093-9102. 

107. Akbari, A.; Berini, P. "Schottky Contact Surface-Plasmon Detector Integrated 
with an Asymmetric Metal Stripe Waveguide," Appl. Phys. Lett. 2009, 95, 021104. 

108. Akbari, A.; Tait, R. N.; Berini, P. "Surface Plasmon Waveguide Schottky 
Detector," Opt. Expr. 2010, 18, 8505-8514. 

109. Goykhman, I.; Desiatov, B.; Khurgin, J.; Shappir, J.; Levy, U. "Locally Oxidized 
Silicon Surface-Plasmon Schottky Detector for Telecom Regime," Nano Lett. 2011, 11, 
2219-2224. 

110. Berini, P.; Olivieri, A.; Chen, C. K. "Thin Au Surface Plasmon Waveguide 
Schottky Detectors on P-Si," Nanotechnology 2012, 23. 

111. Mubeen, S.; Hernandez-Sosa, G.; Moses, D.; Lee, J.; Moskovits, M. "Plasmonic 
Photosensitization of a Wide Band Gap Semiconductor: Converting Plasmons to Charge 
Carriers," Nano Lett. 2011, 11, 5548-5552. 

112. Wang, F. M.; Melosh, N. A. "Plasmonic Energy Collection through Hot Carrier 
Extraction," Nano Lett. 2011, 11, 5426-5430. 

113. Fuchs, R.; Kliewer, K. L. "Surface Plasmon in a Semi-Infinite Free-Electron 
Gas," Phys. Rev. B 1971, 3, 2270-&. 

114. Fukuda, M.; Aihara, T.; Yamaguchi, K.; Ling, Y. Y.; Miyaji, K.; Tohyama, M. 
"Light Detection Enhanced by Surface Plasmon Resonance in Metal Film," Appl. Phys. 
Lett. 2010, 96, 153107. 

115. Zhu, S. Y.; Chu, H. S.; Lo, G. Q.; Bai, P.; Kwong, D. L. "Waveguide-Integrated 
near-Infrared Detector with Self-Assembled Metal Silicide Nanoparticles Embedded in a 
Silicon P-N Junction," Appl. Phys. Lett. 2012, 100. 

116. Wang, Y. M.; Su, X. D.; Zhu, Y. Y.; Wang, Q. J.; Zhu, D. L.; Zhao, J. W.; Chen, 
S.; Huang, W. X.; Wu, S. "Photocurrent in Ag-Si Photodiodes Modulated by Plasmonic 
Nanopatterns," Appl. Phys. Lett. 2009, 95. 

117. Raissi, F. "A Possible Explanation for High Quantum Efficiency of PtSi/Porous Si 
Schottky Detectors," IEEE T. Electron Dev. 2003, 50, 1134-1137. 



 
186 

 
118. White, T. P.; Catchpole, K. R. "Plasmon-Enhanced Internal Photoemission for 
Photovoltaics: Theoretical Efficiency Limits," Appl. Phys. Lett. 2012, 101. 

119. Anderson, L. J. E.; Payne, C. M.; Zhen, Y. R.; Nordlander, P.; Hafner, J. H. "A 
Tunable Plasmon Resonance in Gold Nanobelts," Nano Lett. 2011, 11, 5034-5037. 

120. Crowell, C. R.; Sze, S. M. "Ballistic Mean Free Path Measurements of Hot 
Electrons in Au Films," Phys. Rev. Lett. 1965, 15, 659-661. 

121. Ventrice, C. A.; Labella, V. P.; Ramaswamy, G.; Yu, H. P.; Schowalter, L. J. 
"Measurement of Hot-Electron Scattering Processes at Au/Si(100) Schottky Interfaces by 
Temperature-Dependent Ballistic-Electron-Emission Microscopy," Phys. Rev. B 1996, 
53, 3952-3959. 

122. Crowell, C. R. "Richardson Constant for Thermionic Emission in Schottky 
Barrier Diodes," Solid State Electron. 1965, 8, 395-399. 

123. Crowell, C. R. "Richardson Constant and Tunneling Effective Mass for 
Thermionic and Thermionic-Field Emission in Schottky Barrier Diodes," Solid State 
Electron. 1969, 12, 55-59. 

124. Dombi, P.; Horl, A.; Racz, P.; Marton, I.; Trugler, A.; Krenn, J. R.; Hohenester, 
U. "Ultrafast Strong-Field Photoemission from Plasmonic Nanoparticles," Nano Letters 
2013, 13, 674-8. 

125. Urzhumov, Y.; Lee, J. S.; Tyler, T.; Dhar, S.; Nguyen, V.; Jokerst, N. M.; 
Schmalenberg, P.; Smith, D. R. "Electronically Reconfigurable Metal-on-Silicon 
Metamaterial," Phys. Rev. B 2012, 86. 

126. Herzog, J. B.; Knight, M. W.; Li, Y. J.; Evans, K. M.; Halas, N. J.; Natelson, D. 
"Dark Plasmons in Hot Spot Generation and Polarization in Interelectrode Nanoscale 
Junctions," Nano Letters 2013, 13, 1359-1364. 

127. Fleischmann, M.; Hendra, P. J.; McQuillan, A. J. "Raman Spectra of Pyridine 
Adsorbed at a Silver Electrode," Chem. Phys. Lett. 1974, 26, 163-166. 

128. Otto, A.; Mrozek, I.; Grabhorn, H.; Akemann, W. "Surface-Enhanced Raman 
Scattering," J. Phys.: Condens. Matter 1992, 4, 1143-1212. 

129. Nie, S.; Emory, S. R. "Probing Single Molecules and Single Nanoparticles by 
Surface-Enhanced Raman Scattering," Science 1997, 275, 1102-1106. 

130. Kneipp, K.; Wang, Y.; Kneipp, H.; Perelman, L. T.; Itzkan, I.; Dasari, R. R.; Feld, 
M. S. "Single Molecule Detection Using Surface-Enhanced Raman Scattering (SERS)," 
Phys. Rev. Lett. 1997, 78, 1667-1670. 



 
187 

 
131. Munday, J. N.; Atwater, H. A. "Large Integrated Absorption Enhancement in 
Plasmonic Solar Cells by Combining Metallic Gratings and Antireflection Coatings," 
Nano Lett. 2011, 11, 2195-2201. 

132. Pillai, S.; Catchpole, K. R.; Trupke, T.; Green, M. A. "Surface Plasmon Enhanced 
Silicon Solar Cells," J. Appl. Phys. 2007, 101, 093105-093105-8. 

133. Noginov, M. A.; Zhu, G.; Belgrave, A. M.; Bakker, R.; Shalaev, V. M.; 
Narimanov, E. E.; Stout, S.; Herz, E.; Suteewong, T.; Wiesner, U. "Demonstration of a 
Spaser-Based Nanolaser," Nature 2009, 460, 1110-1112. 

134. Oulton, R. F.; Sorger, V. J.; Zentgraf, T.; Ma, R.-M.; Gladden, C.; Dai, L.; Bartal, 
G.; Zhang, X. "Plasmon Lasers at Deep Subwavelength Scale," Nature 2009, 461, 629-
632. 

135. Ma, R.-M.; Oulton, R. F.; Sorger, V. J.; Bartal, G.; Zhang, X. "Room-
Temperature Sub-Diffraction-Limited Plasmon Laser by Total Internal Reflection," 
Nature Mater. 2011, 10, 110-113. 

136. Kumar, K.; Duan, H.; Hegde, R. S.; Koh, S. C. W.; Wei, J. N.; Yang, J. K. W. 
"Printing Colour at the Optical Diffraction Limit," Nature Nanotech. 2012, 7, 557-561. 

137. Alexander, K. D.; Hampton, M. J.; Zhang, S.; Dhawan, A.; Xu, H.; Lopez, R. "A 
High-Throughput Method for Controlled Hot-Spot Fabrication in SERS-Active Gold 
Nanoparticle Dimer Arrays," J. Raman Spectrosc. 2009, 40, 2171-2175. 

138. Rycenga, M.; Camargo, P. H. C.; Li, W.; Moran, C. H.; Xia, Y. "Understanding 
the SERS Effects of Single Silver Nanoparticles and Their Dimers, One at a Time," J. 
Phys. Chem. Lett. 2010, 1, 696-703. 

139. Xu, H.; Käll, M. "Polarization-Dependent Surface-Enhanced Raman 
Spectroscopy of Isolated Silver Nanoaggregates," Chem. Phys. Chem. 2003, 4, 1001-
1005. 

140. Li, W.; Camargo, P. H. C.; Lu, X.; Xia, Y. "Dimers of Silver Nanospheres: Facile 
Synthesis and Their Use as Hot Spots for Surface-Enhanced Raman Scattering," Nano 
Lett. 2009, 9, 485-490. 

141. Lim, D.-K.; Jeon, K.-S.; Kim, H. M.; Nam, J.-M.; Suh, Y. D. "Nanogap-
Engineerable Raman-Active Nanodumbbells for Single-Molecule Detection," Nature 
Mater. 2010, 9, 60-67. 



 
188 

 
142. Ye, J.; Wen, F.; Sobhani, H.; Lassiter, J. B.; Dorpe, P. V.; Nordlander, P.; Halas, 
N. J. "Plasmonic Nanoclusters: Near Field Properties of the Fano Resonance Interrogated 
with SERS," Nano Lett. 2012, 12, 1660-1667. 

143. Schuck, P. J.; Fromm, D. P.; Sundaramurthy, A.; Kino, G. S.; Moerner, W. E. 
"Improving the Mismatch between Light and Nanoscale Objects with Gold Bowtie 
Nanoantennas," Phys. Rev. Lett. 2005, 94. 

144. Knight, M. W.; Grady, N. K.; Bardhan, R.; Hao, F.; Nordlander, P.; Halas, N. J. 
"Nanoparticle-Mediated Coupling of Light into a Nanowire," Nano Lett. 2007, 7, 2346-
2350. 

145. Wei, H.; Hao, F.; Huang, Y.; Wang, W.; Nordlander, P.; Xu, H. "Polarization 
Dependence of Surface-Enhanced Raman Scattering in Gold Nanoparticle−Nanowire 
Systems," Nano Lett. 2008, 8, 2497-2502. 

146. Baik, J. M.; Lee, S. J.; Moskovits, M. "Polarized Surface-Enhanced Raman 
Spectroscopy from Molecules Adsorbed in Nano-Gaps Produced by Electromigration in 
Silver Nanowires," Nano Lett. 2009, 9, 672-676. 

147. Tian, J.-H.; Liu, B.; Li; Yang, Z.-L.; Ren, B.; Wu, S.-T.; Tao; Tian, Z.-Q. "Study 
of Molecular Junctions with a Combined Surface-Enhanced Raman and Mechanically 
Controllable Break Junction Method," J. Am. Chem. Soc. 2006, 128, 14748-14749. 

148. Konishi, T.; Kiguchi, M.; Takase, M.; Nagasawa, F.; Nabika, H.; Ikeda, K.; 
Uosaki, K.; Ueno, K.; Misawa, H.; Murakoshi, K. "Single Molecule Dynamics at a 
Mechanically Controllable Break Junction in Solution at Room Temperature," J. Am. 
Chem. Soc. 2012. 

149. García-Martín, A.; Ward, D. R.; Natelson, D.; Cuevas, J. C. "Field Enhancement 
in Subnanometer Metallic Gaps," Phys. Rev. B 2011, 83. 

150. Ward, D. R.; Hüser, F.; Pauly, F.; Cuevas, J. C.; Natelson, D. "Optical 
Rectification and Field Enhancement in a Plasmonic Nanogap," Nature Nanotech. 2010, 
5, 732-736. 

151. Zhang, W.; Yeo, B. S.; Schmid, T.; Zenobi, R. "Single Molecule Tip-Enhanced 
Raman Spectroscopy with Silver Tips," J. Phys. Chem. C 2007, 111, 1733-1738. 

152. Jiang, N.; Foley, E. T.; Klingsporn, J. M.; Sonntag, M. D.; Valley, N. A.; 
Dieringer, J. A.; Seideman, T.; Schatz, G. C.; Hersam, M. C.; Van Duyne, R. P. 
"Observation of Multiple Vibrational Modes in Ultrahigh Vacuum Tip-Enhanced Raman 
Spectroscopy Combined with Molecular-Resolution Scanning Tunneling Microscopy," 
Nano Lett. 2012, 12, 5061-5067. 



 
189 

 
153. Park, H.; Lim, A. K. L.; Alivisatos, A. P.; Park, J.; McEuen, P. L. "Fabrication of 
Metallic Electrodes with Nanometer Separation by Electromigration," Appl. Phys. Lett. 
1999, 75, 301-303. 

154. Fursina, A.; Lee, S.; Sofin, R. G. S.; Shvets, I. V.; Natelson, D. "Nanogaps with 
Very Large Aspect Ratios for Electrical Measurements," Appl. Phys. Lett. 2008, 92, 
113102-113102-3. 

155. Ward, D. R.; Halas, N. J.; Ciszek, J. W.; Tour, J. M.; Wu, Y.; Nordlander, P.; 
Natelson, D. "Simultaneous Measurements of Electronic Conduction and Raman 
Response in Molecular Junctions," Nano Lett. 2008, 8, 919-924. 

156. Ward, D. R.; Scott, G. D.; Keane, Z. K.; Halas, N. J.; Natelson, D. "Electronic and 
Optical Properties of Electromigrated Molecular Junctions," J. Phys.: Condens. Matter 
2008, 20. 

157. Ward, D. R.; Corley, D. A.; Tour, J. M.; Natelson, D. "Vibrational and Electronic 
Heating in Nanoscale Junctions," Nature Nanotech. 2011, 6, 33-38. 

158. Zhu, W.; Banaee, M. G.; Wang, D.; Chu, Y.; Crozier, K. B. "Lithographically 
Fabricated Optical Antennas with Gaps Well Below 10 nm," Small 2011, 7, 1761-1766. 

159. Natelson, D.; Ward, D. R.; Hüser, F.; Pauly, F.; Cuevas, J. C.; Corley, D. A.; 
Tour, J. M. In Plasmons in Nanoscale Metal Junctions: Optical Rectification and 
Thermometry, Proc. SPIE, 2011. 

160. Rairden, J.; Neugebauer, C.; Sigsbee, R. "Interdiffusion in Thin Conductor Films 
— Chromium/Gold, Nickel/Gold and Chromium Silicide/Gold," Metall. Mater. Trans. B 
1971, 2, 719-722. 

161. Andersen, P. C.; Jacobson, M. L.; Rowlen, K. L. "Flashy Silver Nanoparticles," J. 
Phys. Chem. B 2004, 108, 2148-2153. 

162. Otto, A. "What Is Observed in Single Molecule SERS, and Why?," J. Raman 
Spectrosc. 2002, 33, 593-598. 

163. Ward, D. R.; Grady, N. K.; Levin, C. S.; Halas, N. J.; Wu, Y.; Nordlander, P.; 
Natelson, D. "Electromigrated Nanoscale Gaps for Surface-Enhanced Raman 
Spectroscopy," Nano Lett. 2007, 7, 1396-1400. 

164. Yamamoto, N.; Araya, K.; García de Abajo, F. J. "Photon Emission from Silver 
Particles Induced by a High-Energy Electron Beam," Phys. Rev. B 2001, 64. 



 
190 

 
165. Vesseur, E. J. R.; de Waele, R.; Kuttge, M.; Polman, A. "Direct Observation of 
Plasmonic Modes in Au Nanowires Using High-Resolution Cathodoluminescence 
Spectroscopy," Nano Lett. 2007, 7, 2843-2846. 

166. Lassiter, J. B.; Sobhani, H.; Knight, M. W.; Mielczarek, W. S.; Nordlander, P.; 
Halas, N. J. "Designing and Deconstructing the Fano Lineshape in Plasmonic 
Nanoclusters," Nano Lett. 2012, 12, 1058-1062. 

167. Knight, M. W.; Liu, L.; Wang, Y.; Brown, L.; Mukherjee, S.; King, N. S.; Everitt, 
H. O.; Nordlander, P.; Halas, N. J. "Aluminum Plasmonic Nanoantennas," Nano Lett. 
2012, 12, 6000-6004. 

168. Knight, M. W.; King, N. S.; Liu, L.; Everitt, H. O.; Nordlander, P.; Halas, N. J. 
"Aluminum for Plasmonics," ACS Nano 2013, 8, 834-840. 

169. Linic, S.; Christopher, P.; Ingram, D. B. "Plasmonic-Metal Nanostructures for 
Efficient Conversion of Solar to Chemical Energy," Nature Mater. 2011, 10, 911-921. 

170. Villesen, T. F.; Uhrenfeldt, C.; Johansen, B.; Larsen, A. N. "Self-Assembled Al 
Nanoparticles on Si and Fused Silica, and Their Application for Si Solar Cells," 
Nanotechnology 2013, 24, 275606. 

171. Villesen, T. F.; Uhrenfeldt, C.; Johansen, B.; Hansen, J. L.; Ulriksen, H. U.; 
Larsen, A. N. "Aluminum Nanoparticles for Plasmon-Improved Coupling of Light into 
Silicon," Nanotechnology 2012, 23, 085202. 

172. Mukherjee, S.; Libisch, F.; Large, N.; Neumann, O.; Brown, L. V.; Cheng, J.; 
Lassiter, J. B.; Carter, E. A.; Nordlander, P.; Halas, N. J. "Hot Electrons Do the 
Impossible: Plasmon-Induced Dissociation of H2 on Au," Nano Lett. 2013, 13, 240-247. 

173. Liu, Z. W.; Hou, W. B.; Pavaskar, P.; Aykol, M.; Cronin, S. B. "Plasmon 
Resonant Enhancement of Photocatalytic Water Splitting under Visible Illumination," 
Nano Lett. 2011, 11, 1111-1116. 

174. Thomann, I.; Pinaud, B. A.; Chen, Z. B.; Clemens, B. M.; Jaramillo, T. F.; 
Brongersma, M. L. "Plasmon Enhanced Solar-to-Fuel Energy Conversion," Nano Lett. 
2011, 11, 3440-3446. 

175. Chen, H. M.; Chen, C. K.; Chen, C. J.; Cheng, L. C.; Wu, P. C.; Cheng, B. H.; 
Ho, Y. Z.; Tseng, M. L.; Hsu, Y. Y.; Chan, T. S., et al. "Plasmon Inducing Effects for 
Enhanced Photoelectrochemical Water Splitting: X-Ray Absorption Approach to 
Electronic Structures," ACS Nano 2012, 6, 7362-7372. 



 
191 

 
176. Warren, S. C.; Thimsen, E. "Plasmonic Solar Water Splitting," Energ. Environ. 
Sci. 2012, 5, 5133-5146. 

177. Govorov, A. O.; Zhang, H.; Gun'ko, Y. K. "Theory of Photoinjection of Hot 
Plasmonic Carriers from Metal Nanostructures into Semiconductors and Surface 
Molecules," J. Phys. Chem. C 2013, 117, 16616-16631. 

178. Mubeen, S.; Lee, J.; Singh, N.; Kramer, S.; Stucky, G. D.; Moskovits, M. "An 
Autonomous Photosynthetic Device in Which All Charge Carriers Derive from Surface 
Plasmons," Nature Nanotech. 2013, 8, 247-251. 

179. Bochterle, J.; Neubrech, F.; Nagao, T.; Pucci, A. "Angstrom-Scale Distance 
Dependence of Antenna-Enhanced Vibrational Signals," ACS Nano 2012, 6, 10917-
10923. 

180. Thomas, R.; Swathi, R. S. "Organization of Metal Nanoparticles for Surface-
Enhanced Spectroscopy: A Difference in Size Matters," J. Phys. Chem. C 2012, 116, 
21982-21991. 

181. Chuntonov, L.; Haran, G. "Maximal Raman Optical Activity in Hybrid Single 
Molecule-Plasmonic Nanostructures with Multiple Dipolar Resonances," Nano Lett. 
2013, 13, 1285-1290. 

182. D'Andrea, C.; Bochterle, J.; Toma, A.; Huck, C.; Neubrech, F.; Messina, E.; 
Fazio, B.; Marago, O. M.; Di Fabrizio, E.; de la Chapelle, M. L., et al. "Optical 
Nanoantennas for Multiband Surface-Enhanced Infrared and Raman Spectroscopy," ACS 
Nano 2013, 7, 3522-3531. 

183. Zheng, Y. H.; Thai, T.; Reineck, P.; Qiu, L.; Guo, Y. M.; Bach, U. "DNA-
Directed Self-Assembly of Core-Satellite Plasmonic Nanostructures: A Highly Sensitive 
and Reproducible near-IR SERS Sensor," Adv. Funct. Mater. 2013, 23, 1519-1526. 

184. Mattiucci, N.; D'Aguanno, G.; Everitt, H. O.; Foreman, J. V.; Callahan, J. M.; 
Buncick, M. C.; Bloemer, M. J. "Ultraviolet Surface-Enhanced Raman Scattering at the 
Plasmonic Band Edge of a Metallic Grating," Opt. Expr. 2012, 20, 1868-1877. 

185. Ono, A.; Kikawada, M.; Akimoto, R.; Inami, W.; Kawata, Y. "Fluorescence 
Enhancement with Deep-Ultraviolet Surface Plasmon Excitation," Opt. Expr. 2013, 21, 
17447-17453. 

186. Jha, S. K.; Ahmed, Z.; Agio, M.; Ekinci, Y.; Löffler, J. F. "Deep-UV Surface-
Enhanced Resonance Raman Scattering of Adenine on Aluminum Nanoparticle Arrays," 
J. Am. Chem. Soc. 2012, 134, 1966-1969. 



 
192 

 
187. Chan, G. H.; Zhao, J.; Schatz, G. C.; Van Duyne, R. P. "Localized Surface 
Plasmon Resonance Spectroscopy of Triangular Aluminum Nanoparticles," J. Phys. 
Chem. C 2008, 112, 13958-13963. 

188. Hentschel, M.; Utikal, T.; Giessen, H.; Lippitz, M. "Quantitative Modeling of the 
Third Harmonic Emission Spectrum of Plasmonic Nanoantennas," Nano Lett. 2012, 12, 
3778-3782. 

189. Grubisic, A.; Schweikhard, V.; Baker, T. A.; Nesbitt, D. J. "Coherent Multiphoton 
Photoelectron Emission from Single Au Nanorods: The Critical Role of Plasmonic 
Electric near-Field Enhancement," ACS Nano 2013, 7, 87-99. 

190. Walsh, G. F.; Dal Negro, L. "Enhanced Second Harmonic Generation by 
Photonic-Plasmonic Fano-Type Coupling in Nanoplasmonic Arrays," Nano Lett. 2013, 
13, 3111-3117. 

191. Konenkamp, R.; Word, R. C.; Fitzgerald, J.; Nadarajah, A.; Saliba, S. "Controlled 
Spatial Switching and Routing of Surface Plasmons in Designed Single-Crystalline Gold  
Nanostructures," Appl. Phys. Lett. 2012, 101, 141114. 

192. Toroghi, S.; Kik, P. G. "Cascaded Plasmonic Metamaterials for Phase-Controlled 
Enhancement of Nonlinear Absorption and Refraction," Phys. Rev. B 2012, 85, 045432. 

193. Zhang, H. P.; Zhou, J.; Zou, W. B.; He, M. "Surface Plasmon Amplification 
Characteristics of an Active Three-Layer Nanoshell-Based Spaser," J. Appl. Phys. 2012, 
112, 074309. 

194. Chen, Y. Y.; Song, G.; Xiao, J. H.; Yu, L.; Zhang, J. S. "Subwavelength 
Polarization Beam Splitter with Controllable Splitting Ratio Based on Surface Plasmon 
Polaritons," Opt. Expr. 2013, 21, 314-321. 

195. Khurgin, J. B.; Boltasseva, A. "Reflecting Upon the Losses in Plasmonics and 
Metamaterials," MRS Bull. 2012, 37, 768-779. 

196. Naik, G. V.; Shalaev, V. M.; Boltasseva, A. "Alternative Plasmonic Materials: 
Beyond Gold and Silver," Adv. Mater. 2013, 25, 3264-3294. 

197. McMahon, J. M.; Schatz, G. C.; Gray, S. K. "Plasmonics in the Ultraviolet with 
the Poor Metals Al, Ga, In, Sn, Tl, Pb, and Bi," Phys. Chem. Chem. Phys. 2013, 15, 
5415-5423. 

198. Yang, Y.; Callahan, J. M.; Kim, T. H.; Brown, A. S.; Everitt, H. O. "Ultraviolet 
Nanoplasmonics: A Demonstration of Surface-Enhanced Raman Spectroscopy, 



 
193 

 
Fluorescence, and Photodegradation Using Gallium Nanoparticles," Nano Lett. 2013, 13, 
2837-2841. 

199. Maidecchi, G.; Gonella, G.; Proietti Zaccaria, R.; Moroni, R.; Anghinolfi, L.; 
Giglia, A.; Nannarone, S.; Mattera, L.; Dai, H.-L.; Canepa, M., et al. "Deep Ultraviolet 
Plasmon Resonance in Aluminum Nanoparticle Arrays," ACS Nano 2013, 7, 5834-5841. 

200. Ekinci, Y.; Solak, H. H.; Loffler, J. F. "Plasmon Resonances of Aluminum 
Nanoparticles and Nanorods," J. Appl. Phys. 2008, 104, 083107. 

201. Knight, M. W.; Liu, L. F.; Wang, Y. M.; Brown, L.; Mukherjee, S.; King, N. S.; 
Everitt, H. O.; Nordlander, P.; Halas, N. J. "Aluminum Plasmonic Nanoantennas," Nano 
Lett. 2012, 12, 6000-6004. 

202. Taguchi, A.; Saito, Y.; Watanabe, K.; Yijian, S.; Kawata, S. "Tailoring Plasmon 
Resonances in the Deep-Ultraviolet by Size-Tunable Fabrication of Aluminum 
Nanostructures," Appl. Phys. Lett. 2012, 101, 081110-4. 

203. Zoric, I.; Zach, M.; Kasemo, B.; Langhammer, C. "Gold, Platinum, and 
Aluminum Nanodisk Plasmons: Material Independence, Subradiance, and Damping 
Mechanisms," ACS Nano 2011, 5, 2535-2546. 

204. Martin, J.; Proust, J.; Gerard, D.; Plain, J. "Localized Surface Plasmon 
Resonances in the Ultraviolet from Large Scale Nanostructured Aluminum Films," Opt. 
Mater. Expr. 2013, 3, 954-959. 

205. Sanz, J. M.; Ortiz, D.; Alcaraz de la Osa, R.; Saiz, J. M.; González, F.; Brown, A. 
S.; Losurdo, M.; Everitt, H. O.; Moreno, F. "UV Plasmonic Behavior of Various Metal 
Nanoparticles in the near- and Far-Field Regimes: Geometry and Substrate Effects," J. 
Phys. Chem. C 2013, 117, 19606-19615. 

206. Choy, T. C. Effective Medium Theory : Principles and Applications. Oxford 
University Press: Oxford England, 1999. 

207. Semaltianos, N. G. "Thermally Evaporated Aluminium Thin Films," Appl. Surf. 
Sci. 2001, 183, 223-229. 

208. Alexander, M. R.; Thompson, G. E.; Zhou, X.; Beamson, G.; Fairley, N. 
"Quantification of Oxide Film Thickness at the Surface of Aluminium Using Xps," Surf. 
Interface Anal. 2002, 34, 485-489. 

209. Strohmeier, B. R. "An ESCA Method for Determining the Oxide Thickness on 
Aluminum Alloys," Surf. Interface Anal. 1990, 15, 51-56. 

210. USGS. Commodity Statistics and Information 



 
194 

 http://minerals.usgs.gov/minerals/pubs/commodity/ (accessed 5/27/2011). 

211. Stockli, T.; Bonard, J. M.; Stadelmann, P. A.; Chatelain, A. "EELS Investigation 
of Plasmon Excitations in Aluminum Nanospheres and Carbon Nanotubes," Z. Phys. D 
1997, 40, 425-428. 

212. Blaber, M. G.; Arnold, M. D.; Harris, N.; Ford, M. J.; Cortie, M. B. "Plasmon 
Absorption in Nanospheres: A Comparison of Sodium, Potassium, Aluminium, Silver 
and Gold," Physica B 2007, 394, 184-187. 

213. Andersson, T.; Zhang, C. F.; Tchaplyguine, M.; Svensson, S.; Martensson, N.; 
Bjorneholm, O. "The Electronic Structure of Free Aluminum Clusters: Metallicity and 
Plasmons," J. Chem. Phys. 2012, 136, 204504. 

214. Castro-Lopez, M.; Brinks, D.; Sapienza, R.; van Hulst, N. F. "Aluminum for 
Nonlinear Plasmonics: Resonance-Driven Polarized Luminescence of Al, Ag, and Au 
Nanoantennas," Nano Lett. 2011, 11, 4674-4678. 

215. Chowdhury, M. H.; Ray, K.; Gray, S. K.; Pond, J.; Lakowicz, J. R. "Aluminum 
Nanoparticles as Substrates for Metal-Enhanced Fluorescence in the Ultraviolet for the 
Label-Free Detection of Biomolecules," Anal. Chem. 2009, 81, 1397-1403. 

216. Karaveli, S.; Zia, R. "Spectral Tuning by Selective Enhancement of Electric and 
Magnetic Dipole Emission," Phys. Rev. Lett. 2011, 106, 193004. 

217. Gomez-Medina, R.; Yamamoto, N.; Nakano, M.; Abajo, F. J. G. "Mapping 
Plasmons in Nanoantennas via Cathodoluminescence," New J. Phys. 2008, 10, 105009. 

218. Chaturvedi, P.; Hsu, K. H.; Kumar, A.; Fung, K. H.; Mabon, J. C.; Fang, N. X. 
"Imaging of Plasmonic Modes of Silver Nanoparticles Using High-Resolution 
Cathodoluminescence Spectroscopy," ACS Nano 2009, 3, 2965-2974. 

219. Zamoryanskaya, M. V.; Sokolov, V. I. "Cathodoluminescence Study of Silicon 
Oxide-Silicon Interface," Semiconductors 2007, 41, 462-468. 

220. Habteyes, T. G.; Dhuey, S.; Wood, E.; Gargas, D.; Cabrini, S.; Schuck, P. J.; 
Alivisatos, A. P.; Leone, S. R. "Metallic Adhesion Layer Induced Plasmon Damping and 
Molecular Linker as a Nondamping Alternative," ACS Nano 2012, 6, 5702-5709. 

221. Papavassiliou, G. C. "Optical-Properties of Small Inorganic and Organic Metal 
Particles," Prog. Solid State Chem. 1979, 12, 185-271. 

222. Gans, R. "Über Die Form Ultramikroskopischer Silberteilchen," Annalen der 
Physik 1915, 352, 270-284. 



 
195 

 
223. Urban, A. S.; Shen, X.; Wang, Y.; Large, N.; Wang, H.; Knight, M. W.; 
Nordlander, P.; Chen, H.; Halas, N. J. "Three-Dimensional Plasmonic Nanoclusters," 
Nano Lett. 2013, 13, 4399-4403. 

 

 

 



 
196 

 

Appendix A : Electron Microscopy 

When a sample is irradiated with energetic electrons myriad physical processes 

can occur as the electrons interact with the sample material (Figure 2.4). Among these 

processes are inelastic and elastic scattering of the incident electrons. When a high energy 

electron undergoes an inelastic collision, relatively low energy electrons (<50 eV) can be 

ejected from an atom (typically from the lower k-shell). These electrons, termed 

secondary electrons (SE), are primarily in the range of 2-6 eV. As a result of their low 

energy, SE emission is strongly localized near the sample surface (<10 nm from the 

interface). A single incident electron can yield multiple SE through successive 

interactions. By contrast, elastic scattering yields a single energetic electron as the result 

of a collision with an atom in the sample, resulting in redirection while preserving the 

majority of the original kinetic energy. These backscattered electrons (BSE) typically 

retain around 80% of the incident energy; for an electron beam accelerated at 30 keV, the 

majority of BSE will carry 20-30 keV of kinetic energy. While the energies are similar, 

the yield of BSE is strongly material-dependent. Heavy elements, with a high atomic 

number (Z), can efficiently backscatter electrons while lighter elements give rise to 

relatively few elastic interactions.  

Both SE and BSE may be used for imaging in a scanning electron microscope. To 

illustrate the complementary information these two types of electrons offer, Figure A1 

shows images taken of silver particles encapsulated in a polymer shell.223 The SE are 

detected using an Everhart-Thornley Detector (ETD), which uses a photomultiplier tube 

to detect cathodoluminescence from SE accelerated into a scintillator. This detection 
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scheme is highly efficient and, due to the nature of SE, permits excellent resolution of 

surface topography for both low-Z (polymer) and high-Z (silver) elements of the 

nanocluster (Figure A1a). Backscattered electrons are detected using a solid-state 

concentric backscatter detector (CBD), where concentric diode rings permit angular 

resolution of the backscattered electrons. For the images shown in Figure A1, this 

detector was used in Z-contrast mode where the detector outputs the integrated BSE 

signal. Since polymers are formed of low-Z materials, only the metallic elements in the 

nanostructure contributed to the backscattered image (Figure A1b). It should be noted 

that the CBD detector is protected by a thin oxide coating. For backscattered electrons 

with sufficient energy, this coating is transparent. At low accelerating voltages, however, 

the BSE can carry insufficient energy to penetrate the surface oxide and the CBD will not 

provide a useable signal level. Combining these two image types can provide a 

visualization of the topography with material-specific coloration (Figure A1c). This 

technique works particularly well for structures formed of two materials with significant 

Z  contrast, such as metals and oxides.  

 

Figure A1 | Imaging plasmonic nanoclusters encapsulated in a polymer shell. Panels 
show (a) backscattered electrons, detected with a CBD, (b) secondary electrons, detected 
with an ETD, and (c) a combined image where contrast between the ETD and CBD 
signals is used to colorize the geometry. 
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